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a b s t r a c t
The aim of the study was to develop routine
procedures for the isolation and cultivation of the
actinorhizal symbiont Frankia.
Optimum isolation of the Frankia endophyte was
achieved using selective filtration or serial dilution
of nodule homogenates. A total of 15 strains were
isolated that satisfied Koch’s postulates.
Techniques were developed for the purification and
preservation of Frankia strains.
Overall Frankia growth is slow compared to other
actinomycetes. Screening of carbon and nitrogen sources
demonstrated that Tween 80, propionate. pyruvate and
trehalose were optimum carbon sources and ammonium
chloride, ammonium nitrate, glutamate and aspartate,15optimum nitrogen sources. N studies were carried out 
to elucidate the pathways of nitrogen metabolism in 
Frankia. The efficiency of nitrogen fixation was 
determined.
Propionate at a concentration of Ol^g/1 was the
optimum carbon source for growth and yield in Frankra.
rSubstrate utilisation was measued in batch culture for
the first time. Propionate was shown to be an
inhibitory carbon source using a single substrate
model. K i , Ks and S were calculated in batchcritculture. The single substrate inhibition model was used
i
to predict the outcome of a mutation and selection 
programme to obtain propionate tolerant mutants.
Storage and mobilisation of trehalose was 
demonstrated in Frankia. A model was proposed to 
explain phasic growth events in Frankia, as a result of 
this mobilisation.
Limited screening studies for bioactive secondary 
metabolites were carried out.
ii
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GENERAL INTRODUCTION AND AIMS
Microbial growth in soil is generally carbon 
limited, apart . from short periods following 
incorporation of organic materials e.g straw. Any niche 
within the soil that provides a continuous, even if low 
level input of nutrients would be expected to be 
colonised by microorganisms. Plant roots supply just 
this environment via exudation of translocated 
photosynthate and sloughing off of cell material.
The relationship between microorganisms and plant 
roots extends from neutralism to symbiosis and 
pathogenesis. The degree of root surface colonisation 
can range from growth at the root surface including 
the mucigel, to the inter and intra cellular spaces of 
the cortex and endodermis, to the formation of 
specialised structures termed root nodules.
The root nodule is probably the most obvious sign 
of root colonisation by microorganisms. Leguminous 
plants, e.g pea, bean and clover, form root nodules 
with bacteria of the genus Rhizobium. The root nodules 
of non-leguminous woody dicotyledenous plants e.g 
alder, bog myrtle and sea buckthorn, are colonised by 
the actinomycete Frankia sp->. The importance of these 
symbioses is that the microorganisms.are capable of
fixing nitrogen which is then supplied to the host 
plant.
Not surprisingly, because of the food and forage value 
of the crops intensive research has concentrated on the 
Bhi^pMum-legume association. In addition, RhizoMum is 
relatively easy to Isolate and grow in vitro. 
Consequently, extensive physiological, biochemical and 
genetic studies have been undertaken, the ultimate aim 
being the improvement of the symbiosis, i.e increased 
efficiency of nitrogen fixation.
In contrast research into the Frank_ia - non-legume 
symbiosis has lagged behind that of the Ehlzob^rm- 
legume symbiosis because; (i) the hosts are not 
economically or agriculturally important; (ii) Frankia 
is particularly difficult to isolate and grow in yrtro; 
(iii) its potential for product formation had not been 
suspected.
However the Frankia symbiosis is potentially at least 
as important as RhizoMum, because the continued use of 
nitrogen fertiliser is being questioned from an 
environmental and economic point of view. There is a 
need therefore to extend the range of plants that are 
capable of fixing nitrogen, thereby reducing fertiliser 
N input. This could be achieved primarily by widening 
the host range of nitrogen fixing organisms. Frankia 
scores more highly than Rhizobium in this respect as it 
already modulates 8 families, 18 genera and 190 species 
of plant. RhizpMum, on the other hand, nodulates only
1 family, the leguminosae, and the genus Parasponi.a/ 
Trema
In addition to the agricultural and silvicultural 
importance of Frankia which has initiated the research 
effort, other areas of potential interest are that; -
(i) Franki.a is a little studied organism and therefore 
represents a novel gene pool.
(ii) Ecologically it is very succesful , modulating a 
wide variety of hosts. Hand in hand with this must be a 
capacity to survive and compete in soil, despite its low 
growth rate. If Frankia grows as slowly with as low a 
yield in soil as it does in laboratory culture then it 
might be expected to be uncompetitive with most other 
microorganisms. As Frankia is an actinomycete, from 
which 70% of antibiotic producer organisms are derived 
the involvement of antibiosis in its ecological success 
does not seem unreasonable.
(iii) The physiology of slow growing recalcitrant 
organisms has been neglected.
Evidently further work with Frankia in a similar 
vein to that currently being pursued with Rhizobium is 
impractical at the current state of knowledge.
Reproducible methods for (i) isolation of Frankj.a from 
root nodules; (ii) culture of large volumes of biomass 
under defined conditions; (iii) selection of mutants 
with improved characteristics, are an absolute
requirement for the large scale application of Frankia 
in a similar manner to that of RhizoMura.
The aim of this study is to develop the methods listed 
above, via an understanding of Frankia physiology and 
growth kinetics In ydtrq
The following areas of research were identified as 
being necessary.
(i) Rapid successful isolation from root nodules, 
followed by purification and confirmation of these 
isolates as Frankia.
(ii) Defined media for the cultivation and growth 
optimisation of Franki^a ^n vdtrq.
(iii) Determination of kinetic parameters to enable 
further growth optimisation.
(iv) Secondary metabolite screening.
Figure 1.0 summarises the approach.
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CHAPTER ONE
Lz-k IbÊ Non^Legumlnous Nitrogen Fixing Symbiosis
1.1.1 History
There has been a long history of reports that certain 
types of nitrogen fixing root nodules were not 
colonised by Rblzpbdum, but had actlnoniycete-like- 
organisms as the endosymbionts. Fessenden ( see Torrey, 
19:7'^  ) introduced the terra " actinorhizal" to describe 
the actinomycete-angiosperm association.
Actinorhizal plants have long been observed, 
cultivated and encouraged as they are often fast 
growing pioneer trees and shrubs. Literature on the 
beneficial ecology of Alnus spp ( Alder ) can be traced 
back as far as 1613 to the following verse by William 
of Tavistock;
" The alder whose fat shadow nourisheth.
Each plant set neere to him long flourisheth "
( Goldman, 1961 in Silvester, 1977 ).
Reports of the presence of root nodules on non-legumes 
began to appear as early as 1829 ( Goodchild, 1977 ).
In 1866 Woronin noted the occurrence of root nodules on 
alder ( Lechevalier et al , 1980 ). In 1895 Dinger
showed that there was a positive relationship between 
root nodules and soil improvement ( Silvester, 1977 ). 
Further research by Hiltner et al between 1896 and 1904 
left no doubt that nitrogen fixation was associated 
with non-leguminous plants ( Bond, 1956 ).
Since then there has been an extensive literature on 
the subject { Miche, 1918; Snyder, 1925; Jepson, 1936; 
Fletcher, 1955; Bond,1956, 1959, 1964; Gardner, 1965; 
Taubert, 1956; Morrison and Harris, 1958; Allen and 
Allen, 1958; Becking, 1961; Rossi, 1964; Becking et al, 
1964; Silver, 1964; Moore, 1964 ).
Extent of the Symbiosis
/Wheeler ( 1984 ), described 18 genera and some 190 
species of actinorhizae, although the status of Rubus 
is in dispute ( Stowers, 1985^). Table 1.0 lists the 
actinorhizal genera along with their nodulation rate 
and ecological site. Plates 1 and 2 show typical Alnus 
and Myr^ca species.
Distribution of Actlnorhizae
The distribution of the actinorhisae is varied and 
extends back to the late Pleistocene era, when 
retreating glaciers left much ground nitrogen 
deficient. Plants possessing root nodules were certainly 
more prevalent at that time ( Silvester, 1977 ).
Table 1.0 Occurence and Distribution of the 
Actinorhizae
Genus Family No. of sp 
Nodulated 
Per No. sp 
in Genus
Distribution
Ecological
Sites
Alnus Betulacae; 33/35 Europe, Siberia 
N. America, 
Japan, Andes.
Poor soils, sand hills 
and dunes, glacial 
till, mine dumps, 
gravel wasteland and 
volcanic ash.
Casuarina Casuarinacaae 24/45 Australia, 
Tropical Asia, 
Pacific Islands,
Sand dunes, salt 
marshes, tropical 
forests, desert areas.
Ceanothus Rhamnaceae 31/58 N. America, 
especially 
W. U.S.A.
Dry forest and 
chaparral, sub-alpine 
zones.
Cercocarpus Rosaceae 4/20 Western U.S.A. 
and Mexico
High altitude, poor 
soils.
Chamasbatia Rosaceae ? ? ?
Colletia Rhamnaceae 1/17 S . America -
Comptonia Myricaceae 1/1 N. America Disturbed, sandy or gravely areas.
Coriaria Coriariaceae 13/15 Med. to Japan, 
New Zealand, 
Chile to Mexico
Lowlands and .sub­
alpine, sandy or 
gravely soils or clay.
Cowania Rosaeae 2/2 Arizona Desert, arid soils.
Datisca Datiscaceae ? ? ?
Discaria Rhamnaceae 2/10 Andes, Brazil, 
New Zealand, 
Australia
Gravely soils, arid 
zones.
Dryas
.....
Rosaceae 3/4 Alaska, Canada 
circumpolar
Post-glacial areas, 
sandy, gravely soils.
Genus Family No. of sp 
Nodulated 
Per No. sp 
in Genus
Distribution
Ecological
Sites
Eleagnus Eleagnaceae 16/45 Asia, Europe, 
N. America,
Disturbed areas, sand 
dunes.
Kippophae Eleagnaceae 1/3 Asia, Europe, 
from Himalayas 
to Arctic Cirle
Sand dunes, coastal 
areas.
Kentrothamnus Rhamnaceae ? ? ?
Hyr lea Myricaceae 25/35 Many tropical, 
sub-tropical and 
erate regions, 
extending nearly 
to Arctic Circle
Acidic bogs, sand 
dunes, poor soils.
Purshia Rosaceae 2/2 Western 
N. America
Dry sandy soils as an 
understory plant in 
Pinus Forest.
Rubus Rosaceae 1/250 Indonesia, 
cosmopolitan 
and temperate
Shepherdia Eleagnaceae 3/3 N. America Sandy soils, disturbed areas.
Trevoa ? ? ? ?
Talguena ? ? ? ?
Present day distribution is summarised in Table 1.0. It 
is interesting that the occurrence of actinorhizal 
plants is in the mainly cool, high latitude, temperate 
or high altitude tropical regions. In contrast, the 
legume symbioses are predominately found in the warm 
temperate regions.
Silvester ( 1977 ) considers that actinorhizae have
contributed much to the nitrogen economy of natural, 
uncultivated areas from the last glaciation to the 
present day, by virtue of their more hardy ecological 
amplitude and wide temperature range.
A^tinorh^za^ Root Nodules
The root nodule of the actinorhizal plant is the 
structure which harbours the actinomycete endophyte and 
is induced in response to it.
Nodules are perennial, restricted to the young parts of
ythe root ( Akkermans, 1978 ) and their presence can be
positively correlated with nitrogen fixing capacity.
( Aldrich-Blake, 1932; Bond, 1959. 1963; Morrison and
Harris, 1958; Morrison, 1961; Vlamis et aj., 1958;
Sloger and Silver, 1965, 1966; Bond and Wheeler, 1980 )
Plate 1.0 Alnus glutinosa
Plate 2.0 Myrica gale
Plate 3.0 Root nodules of Alnus rubra
m fj
Plate 4.0 Root nodules of Myrica ga%e
Gross Morphology of the Nodule
Root nodules are characterised by two morphological 
forms; "Al_nus" type and Myriça/Çasuarma" type.
The "Alnus” type of nodule is composed of modified, 
often dichotomously branched roots of arrested growth, 
giving the nodule a corraloid appearance ( Plate 3.0 ).
( Becking ,1975^ 1981"^ ) . The nodule is often red in
appearance due to the presence of anthacyanin pigments 
and / or phenolic compounds in the nodule epidermis,
( Bond, 1951 ).
In the "Myrlça/Çasuarlna" type of nodule, the apex
gives rise to a normal but negatively geotropic root,
the nodule becoming covered with upwardly growing
yrootlets ( Plate 4.0 ), ( Mishustin and Shil'nikova,
1971 ). Tjepkema { 197%-) postulates that they may '
facilitate oxygen transport in wet habitats. 
Intermediate nodule types may be formed when cross
inoculation between species occurs. ( see 1.2.2 ).
The Infection Process
Entry of free living Frankia into the root,
proliferation within it, and formation of the root 
nodule are the major stages in infection.
IjlIjlDjlI DDDDV into the Root
Formation of the symbiosis implies a certain degree of 
recognition between Frankia and the host. Nothing is 
known concerning this phenomenon in actinorhizae,
( Moiroud and Gianinazzi- Pearson, 1984 ). A process
involving lectin type interaction as for RhizoMum may 
occur, ( Bauer and Bhuvaneswari^^ 1980;
Pistole, 1981 ). Chaboud and Lalonde ( 1983 ), have
shown that certain Rhizobium lectins could bind to cell 
surface of Frankra strains in vûtro. However, it is 
more likely that " recognition " occurs via less 
specific processes, e.g, root exudation \ ’
or allelochemics 
. Following the recognition/ stimulation process, 
rhizoplanar growth of the endophyte may occur, although 
evidence for this is sparse ( Angulo-Cormona., 1974; 
Lalonde, 1977 ).
Root hair deformation usually follows the above
processes and is critical to infection. ( Hiltner,
1898; Krebber, 1932; Pommer, 1956; Becking, 1966, 1968,
y1970; Burggraaf, 1984; Vergnaud et al, 1985 ). Root 
hair deformation coincides spatially with the sites of 
nodule formation as demonstrated by numerous 
investigators. ( Pommer, 1956; Rappel and Wartenburg, 
1958; Angulo-Carmona, 1974; Lalonde, 1977; Callaham,
1979; Vergnaud et a l , 1985 ),
It is reasonable to expect that rhlzosphere organisms 
would exert some effect on the infection process, 
although Lalonde ( 1977 ) regards the status of
"helper" bacteria as uncertain. However, Knowlton et al 
( 1980^^ ) , showed that bacteria isolated from the
rhlzosphere of nodulated Adnus rubra could initiate 
extensive root hair deformation and enhance Frankia 
nodulation under field conditions. The action of so 
called " helper " bacteria occurs via enhanced root 
hair deformation which could trap non-motile Frankia 
filaments. Knowlton and Dawson ( 1983 ), further
demonstrated that Pseudomonas cepacia 85 could increase 
the nodulation rate of Frankj.a.
Formation of the Root Nodule
Primary nodule formation occurs following the entry 
into the root of the endophyte via the root hair. 
Cortical cells are induced to divide and the endophyte 
forms clusters within the host cell. The hyphal tips of 
the endophyte swell forming vesicles at the periphery 
of the cluster, close to the host cell wall. ( Becking,
.y1977; Lalonde, 1977; Torrey, 1978 ). This pre-nodule 
never goes on to form a true nodule ( Becking, 1970; 
Angulo-Carmona, 1974 ).
True nodule formation differs depending on the host.
In Alnus, a root primordium is initiated in the
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pericycle near the pre-nodule. The endophyte then
invades the meristem cells of the primordium. Growth
and development of this structure forms the root
nodule. ( Akkermans, 1978; Moiroud and Gianinazzi- 
yPearson, 1984 ).
Nodule formation in Myrica is characterised by 
several root primordia originating simultaneously with 
the pre-nodule, to develop slowly into a cluster of 
nodule lobes. ( Callaham and Torrey, 1978 )
The distribution of the endophyte within the nodule is 
restricted to the cortical parenchyma cells and 
phenolic compounds may be involved in this, ( Angulo- 
Carmona, 1974 ). Certainly cinnamic acid and benzoic 
acid derivatives present in Alnus root nodules ( Mendez 
et al, 1968; Li, 1974 ), can inhibit Frankia growth in 
vitro, ( Per rad in et al_, 1983 ) .
The Morphology of the Endophyte in vivo
Extensive microscopic studies of root nodules ( 
Becking et aJL, 1964; Gardner, 1965; Gatner and Gardner, 
1970 ), have shown that there are three distinct
morphological , stages of the endophyte i^ n v^yo; a 
hyphal/invasive stage, a vesicle cluster stage, and in 
certain hosts a variously described spore stage. (
cghaede, 1933; Becking et al^ , 1964; van Dijk and Merkus, 
1976; Akkermans, 1978/).
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Filamentous hyphae-1ike structures, 0.5-1.0
wide, branch profusely and ramify within the host 
cells, passing from one cortical cell to another, 
(Torrey, 1978), The hyphae are septate and surrounded 
by a layer derived from the host which may be 
polysaccharide or pectic in nature, ( Becking et al^ , 
1964; Baumeister and Kausch, 1974; van Dijk and Merkus, 
1976; Lalonde and DeVoe, 1976; Lalonde and Knowles, 
1975; Torrey, 1978^).
1.1.4.2 Vesicle Stage
Terminal swellings of the endophytic hyphae,
called vesicles, develop following the invasive stage. 
The vesicles line the inside of the host cell, forming 
a vesicle cluster ( 30-50 jum dia. ), ( Akkermans and
Roelofsen, 1980*^ ).. The vesicles themselves are septate 
and maybe club-shaped or spherical and enlarged ( 3.0- 
5.0 jjm dia. ). Vesicle morphology is under host 
control, ( Lalonde, 1979; Akkermans et al^ , 197^ ) . The 
vesicle is considered to be the site of nitrogen 
fixation / nitrogenase, ( see Akkermans, 1978 for a 
review ). However in some species e.g Casuar^na, 
vesicles are absent, but nitrogen fixation still 
occurs. ( Tyson and Silver, 1976; Torrey, 1978 ).
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Spore Stage
The spore-like stage of the endophyte, 
characterised by small compact masses of bacteria-like 
cells within the infected host cells, is an easily 
recognised feature. ( Peklo, 1910; Shibata and Tahara. 
1917; Schaede, 1933, 19*3o ; Kappel and Wartenburg, 1958; 
Becking et al^ , 1964; van Dijk and Merkus, 1976 ), It is 
now recognised that these cells represent a resting / 
dissemination stage of the endophyte and can therefore 
be regarded as true spores. ( van Dijk and Merkus, 
1976; van Dijk, 1978'^).
The spore develops from localised, transverse 
enlargements of the hyphae, termed " spindles . 
Septation and subsequent disintegration of these 
spindles releases the polyhedral spores ( 1.0-1.5 ^m ) 
into the host cells, ( van Dijk and Merkus, 1976 ). A 
similar process occurs in other actinomycetes in 
culture,
1^1^4^3^1 Sporulation Ability withyn the Nqdube^
Van Dijk ( 1975 ) and Akkermans ( 1978 ), have
classified actinorhizal nodules as spore rich ( Sp-i- ) 
and spore free ( Sp- ).
Extensive studies by van Dijk ( 197^ ), showed that
sporulation was controlled by the endophyte.
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Environmental or host- effects were not important. The 
involvement of two Frankia strains one sp+ the other 
Sp- was ruled out on the basis of marker studies. 
Furthermore, it was evident that all strains formed 
spores in pure culture, ( Callaham et ai, 1978 ).
Thus, sporulation in the nodule may be regulated by 
plasmid encoded genes. Pure cultures of other 
actinomycete genera certainly show such characteristics 
( Hopwood et ai, 1970; Hopwood, 1973; Vivian, 1971 ). 
Interestingly, most isolations have been made from Sp- 
nodules, although Akkermans ( 1978 ) has shown that 
Sp+ crushed nodule inocula are more Infective on the
plant than Sp- inocula. This may tie in with the
difficulty in germinating Frankia spores in vitro 
(Normande and Lalonde, 1986^ ), which suggests that 
stimulation by the plant is important in yiyq.
The sporulation enigma is also of interest because 
sporangium formation adversely affects host
productivity, ( Hall et ai, 1978 ). Vandenbosch and
Torrey ( 1984^), demonstrated that Sp+ nodules expend 
more host photosynthate per unit nitrogen fixed. This 
implies that sporangial formation is not advantageous 
to the host. Indeed, Schaede ( 1938 ) considered spore 
formation to be a different form of the endophyte, less 
dependent on the host. Alternatively, it may represent 
a more parasitic stage, ( Vandenbosch and Torrey, 
1984K
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ki.kiÈ. Physiology of the Endophyte in yiyo
1.1.5.1 Nitrogen Fixation
As early as 1971, Akkermans showed that nitrogen 
fixing capacity was localised in the vesicle clusters 
formed by the Frankia endophyte in the root nodule. 
Preparations of vesicle clusters, isolated by selective 
filtration of nodule hoinogenates, demonstrated
acetylene reduction activity. ( van Straten et a i , 
1977; Akkermans, 1978; Akkermans et ai, 197^ '; Mian
et ai, 1976; Mian and Bond, 1978; Baker et ai, 1980; 
Lechevalier et a.1, 1983; Schwintzer et ai, 198.1 ).
Nitrogenase activity was ATP dependent, ( van Straten 
et ai, 1977 ) as shown by acetylene reduction activity 
of vesicle clusters. Cell free nitrogenase prepared by 
Benson et ai ( 1979 ) required ATP and a source of 
reducing power for activity. Oxygen caused irreversible 
inactivation.
It is now generally accepted that the vesicle cluster 
is the site of nitrogen fixation, ( Lechevalier, 198%'-; 
Moiroud and Gianninazzi-Pearson, 1984; Wheeler, 1984 ), 
although it can occur in the absence of vesicles, e.g
in Casuarina, ( Tyson and Silver, 1979 ). This points
to a more facultative rather than obligate relationship 
between the nitrogenase and the vesicle, the vesicle
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affording a degree of oxygen protection for the
nitrogenase. If other factors are Involved in oxygen
protection in vivo, e.g suberlsation in Casuarina (
Berg, 1983 ), or possibly haemoglobins ( Tjepkema,
1983b) , the vesicle may not be necessary.
Akkermans ( 1978 ) calculated that actinorhizal
—  1 —  1vesicles could fix about 100mg N.h g protein,
—  1 —  1
compared with legume bacteroids ( 2-5 mg N.h g
protein 3 and free living diazotrophs ( 25-50 mg N.h 
1 —  1g protein ). This would suggest that the 
actinorhizal symbiosis is at least as important as the 
Rhizobium- legume symbiosis in terms of nitrogen fixed.
Hydrogenase
Hydrogen evolved during the reduction of nitrogen 
by nitrogenase can be recycled using an uptake 
hydrogenase in some nitrogen fixing organisms ( 
Postgate, 198|; ) .Actinorhizae evolve little or no
hydrogen and can oxidise externally applied hydrogen ( 
Schubert and Evans, 1976 ), suggesting the presence of 
an active hydrogenase. Benson et al ( 1979 ),
demonstrated that uptake hydrogenase in cell free 
extracts was ATP dependent and correlated with the rate 
of acetylene reduction. The benefits of the hydrogen 
uptake system ( Hup) on nitrogen fixation efficiency 
and oxygen protection of nitrogenase are well 
documented for Rhizobium ( Drevon et al , 1982; Hanus et
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a j., 19Ï9; Rainbird et a 1, 1981 ). No such study has
been made for actinorhizae or pure cultured Frankia 
strains. Screening for Hup in Frankia could be carried 
out in a similar way to that for Rhizobium. ( Haugland 
et al^ , 1983; Lambert et a3^ , 1985 ). Sellstedt and Huss- 
Danell ( 1985 ), reported that a Hup+ Frankia crushed 
nodule inoculum from Alnus Incana became Hup- following 
renodulation. In evaluating the possibilities for intra 
and inter-species extension of the Frankia symbiosis, 
Hup should be considered as an important factor in the 
ecology and energetics of nitrogen fixation as well as 
in biomass productivity.
Carbon Metabolism Within the Nodule
Tjepkema et al. { 1985 ) conclude that " carbon 
sources used by Frankj.a in symbiosis have not been 
identified ". Likely compounds, however, include short- 
chain fatty acids, TCA cycle intermediates or pyruvate 
( Benson et al, 1984; Akkermans et a1, 1983 ). Results 
obtained from studies of endophyte metabolism j.n vivo 
are difficult to interpret, because of the need to 
separate the activities of the plant derived material 
from that of the endophyte. Vesicle clusters from Alnus 
respire succinate and use oxygen when supplied with 
glutamate, malate and NAD. This indicates that 
reducing equivalents can be transported from the host 
to the endophyte via the malate-aspartate shuttle, (
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Akkermans et al, 1983 ). A similar process has been 
proposed for Rhizobium ' ’ . A recent report
by Lopez et al ( 1986 ) suggests that both sugars and 
organic acids are necessary to support growth and 
nitrogen fixation of the Frankia symbiosis. The fact 
that nitrogen fixation is expensive in energy terms, 
(Thornley and Lowe, 1985 ) would indicate that
compounds with a high ATP yield in catabolism would be 
optimum for driving fixation. This rules out most of 
the organic acids which have low ATP yields in 
catabolism. However Perrot-Rechenmann et al ( 1981 ), 
located the activity of phosphoenolpyruvate carboxylase 
in ATnus glut^nosa nodules. This was predominately 
associated with the cytosol of cortical cells 
containing the vesicle clusters. Wheeler ( 1984 ), has 
postulated that the oxaloacetate generated by the 
action of the PEP,carboxylase could support endophyte 
metabolism itself or by conversion to malate. Indeed,
fixing nodules can be shown to accumulate radiolabel in14malic acid when incubated in Na CO , ( Wheeler, 19843) . The numerous observations that Frankya growth i^ n 
vitro is possible on organic acids suggests these may 
yet prove to be the in vivo carbon source.
Nitrogen Metabolism within the Nodule 
Nitrogen reduced to ammonium by Franb^a, within
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the root nodule must be transported and assimilated
into the host. Enzymes of ammonia assimilation are
suppressed or absent from the endophyte in vivo. as
demonstrated by the low levels of glutamine synthetase
( GS ) or glutamate dehydrogenase ( GDH ) activity
detected. ( Blora et al, 1981 ). Akkermans et al^  ( 1983)
suggested that ammonia was assimilated into citrulline13using GDH. However Schubert and Coker ( 1981) used 
nitrogen studies and concluded that GDH catalysing the 
reductive amination of 2-oxoglutarate to glutamate with 
asparagine as the end product was more likely. In terms 
of energy requirements, citrulline biosynthesis is more 
expensive than asparagine. These differences may be 
offset when the energy cost of transport is accounted 
for, citrulline being less expensive to transport, 
(Wheeler, 1984 }.
The nature of the nitrogen containing compound 
transferred in the symbiosis is therefore still 
speculative.
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ij_2 The organism
The Nature of the Endophyte
The nature of the endosymbiont of actinorhizae has 
had a long history of research. Woronin ( 1866 ),
speculated that the endophyte was a filamentous fungus. 
Since that time, the endophytes have been thought by 
various workers to be , bacteria , bacteria attacked by 
phages, actinomycetes, filamentous fungi or parasitic 
slime moulds, ( Hawker and Fraymouth, 1951 ). Electron 
microscopic studies concluded that the endophyte was 
indeed an actinomycete, { Becking et al, 1964; Silver,
1964; Gardner, 1965 ). Becking ( 1970 ), proposed the 
generic name Franki.a for the actinomycetic endophyte. 
The first reported successful isolation of the endophyte 
Frankia was achieved by Callaham et al ( 1978 ) from 
the root nodules of Compton i^ a Egregr^na. Further 
searches of the literature indicated that actinomycete 
endophytes had been isolated from Alnus glutinosa and 
other woody dicots by Pommer { 1959 ). Unfortunately, 
his work was never confirmed and the isolates were 
lost, though he is credited with the first successful 
isolation of Frankia.
Since 1978 numerous isolations have been made, yielding 
a large number of strains. ( Baker and Torrey, 1979; 
Baker et a1, 1979; Berry and Torrey, 1979; Burggraaf et
20
aj., 1981; Lalonde et a 1, 1981; Benson, 1982; Diem et
al. 1983a)
All Frankia isolated to date are gram positive / 
variable, filamentous, sporulating, branching
procaryotes, ( Lechevalier, 1982 ). The hyphae are 
highly branched, septate and ultrastructurally similar 
to other actinomycetes, ( Lalonde, 1979; Newcomb et al, 
1979 ). The cell wall is double layered; the inner wall 
participating in cross wall formation; the outer wall 
being analogous to sheaths common in other 
sporodctinomycet.es, ( Horriere et al, 1983 ).
1^2^1^2 Frankia Morphology
Frankia are characterised by the formation of 
large multilocular sporangia, 30 to 60;am in cross 
section, filled with numerous spores, ( Newcomb et al, 
1979 ), ( Platens. - ). Sporangia may be terminal or
intercalary. Diem and Donimergues { 1985 ) described a 
second type of reproductive structure termed, " 
reproductive torulose hyphae " ( RTH ), characterised 
by chains of spore-like cells arising from vegetative 
hyphae. Frankia spores, which are also formed within 
the nodule, ( see 1.1,4.2 ) probably act as a
dissemination / survival stage and are capable of 
survival in soil. ( van Dijk, 1979 ). Mature spores are 
non-motile, irreguarly shaped, elliptical or spherical 
and vary in size from 0.8 to l.Sjum in diameter. A thick
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cell wall surrounds a dense cytoplasm containing 
nucleoid regions and granules, that may provide an 
energy reserve, ( Gardner, 1976; Newcomb et al, 1979 ). 
Spores are relatively easy to isolate from pure 
cultured Frankia, using density gradient
centrifugation, but have a low germination rate in
vitro, { Normand and Lalonde, 1985 ) .
Another distinctive feature of Frankj.a is the 
terminal swelling on the tip of the hyphae, formed in 
response to nitrogen limitation, termed the vesicle. 
Vesicles are light-bulb shaped, with a spherical body 
and hyphal stem, ( Tjepkema et a1, 1986 ), ( Plate: I'
). The cell envelope is multilayered and may be
involved in oxygen protection of the nitrogenase, ( 
Torrey el at, il€b _ ). Young vesicles or
provesicles are phase dark (Fontaine et al_, 1984 ) .
Mature vesicles , may be multilobed and become 
increasingly septate with age. Their development
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Plate 5.0 Scanning Electron Micrograph of Frankia 
Showing Sporangia I S 1 and Vesicles 1 V
p t i n I
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correlates with the onset of nitrogenase activity, ( 
Fontaine et a 1, 1984; Torrey 4^1^90 ' . ' ) .
Vesicles have been shown to contain DNA ( Tisa efctvl ; 
: , 1983 ). It would be interesting to determine
whether the DNA would hybridise with nif probes from 
other nitrogen fixers, e.g Klebsie^^a aerogenes or
E M z o M u m  leguminosarum. However, most of the work to
date on n_if hybridisation has been done on cultures 
grown in the presence of combined nitrogen, rather than 
atmospheric nitrogen, where n^f may be suppressed. 
Inorganic nitrogen sources, e.g ammonium chloride, 
potassium nitrate and ammonium nitrate, at low 
concentration (1 mM), generally suppress vesicle 
formation, as does glutamine. Lament et al ( 1985 I 
reported that vesicle formation occurred in the
presence of asparagine, arginine or citrulline ( 5mM ). 
Nitrogenase activity was evident in the case of 
citrulline and arginine grown vesicles. The nature of 
this effect within the nodule is interesting given that 
the proposed nitrogen assimilation pathways in the 
host, involve citrulline and asparagine, ( Wheeler, 
1984 ).
Taxonomy in Pure Culture
Frankia have been grouped with filamentous soil 
bacteria in the order Actinomycetales. Becking ( 1970) 
proposed the family Frankiaceae, having Frankj^a as the
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sole genus. Many Frankiae have been isolated and the 
genus appears to show considerable morphological and 
physiological variation, ( Lechevalier, et aj, , 1983 ). 
Backing's { 1970 ), original proposal of spéciation on 
the basis of host compatabi1ity ( e.g Frankia alnii for 
isolates. ) is therefore somewhat simplistic 
especially as cross inoculation between species is 
possible.
Definition of the Genus Franki.a
The genus has been defined by Lechevalier and 
Lechevalier ( 1979 ) as :
(i) Actinomycete, nitrogen fixing , nodule forming 
endophytes, grown in pure culture in yitrp and shown 
to :
(a) induce effective or ineffective nodules in a host 
plant and be capable of being re-isolated from within 
the nodules of that plant and;
(b) to produce non-motile spore containing sporangia in
submerged liquid culture. Vesicles may also be formed.
(ii) Free living actinomycetes, having no known 
nodule forming or nitrogen fixing capacity, but which 
show the morphology described in i (b).
All the Frankiae isolated to date have a type III cell
wall and a wall sugar of type D, although in some 
strains this can be more diverse. Frankiae also
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possesss a unique cell wall sugar, 2-0-methyl- D- 
Mannose, which separates it from other actinomycetes. 
(Mort et al , 1983 ).
Taxonomic Groupings Within the Frankiaceae
Within the Frankiaceae a number of taxonomic 
groups have been proposed. Baker et al, ( 1981 ) showed 
two distinct groupings on the basis of immunochemistry; 
serotype I isolates from the root nodules of Alnus, 
Comptqnia and Myrica spp; and serotype II isolates from 
root nodules of Eleagnus.
Lechevalier et al ( 1983 ) classified Frankia into 
type A and type B strains, on the basis of 
physiological parameters, which approximated to the 
serogroupings. Physiological grouping is however prone 
to inaccuracies, -especially with such slow growing 
organisms as the Frankiae.
The two major groupings initially suggested above, 
were further confirmed by An et aj, ( 19854.) using DNA- 
DNA hybridisation. Genotype I strains, ( Aj,nus, Myrica 
and Comptqnia spp ) showed a high degree of homology 
with Frankia ArI4 from Aj,nus. Genotype II strains 
(Eleagnus, Ceanothus, Purshia and Casuarina) showed no 
significant homology with ArI4.
The grouping of all strains into a single genus was 
supported by small changes in the G-C content of 
isolates. ( An et al_, 1985b)
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1^2^3 Host Specificity
There is limited information concerning cross 
inoculation groups amongst Frankiae and hosts, because 
sufficient pure cultured strains from enough hosts are 
not available. Early studies using crushed nodule 
inocula are now in dispute as it is evident that 
nodules can contain more than one Frankia strain.
{ Reddei and Bowen. 1985a, 1985b ). However the use of 
cross inoculation barriers for subdivision of the 
Frankiae has had a long history. ( Miche, 1918; 
Rodriguez-Barrueco, 1966; Mackintosh and Bond, 1970;
Benecke, 1969; Lalonde and Quispel, 1977 )
Host Compatibility Groups
Three host compatibility groups are known to exist;
(i) Strains from Aj^nus, Myrica or Comptonya, which 
usually nodulate all three host genera and form 
effective nodules.
(ii) Strains from the Eleagnaceae, ( EjLeagnus, 
Shepherdia and Hippophae ) and perhaps other members of 
the Rhamnales e.g Çol^etÿa
(iii) A third group of strains isolated from Çasuarÿna, 
which only nodulate within that genus. ( Tjepkema et 
al, 1986; Jiabin et al, 1985 )
Individual cross inoculations between hosts and 
Frankiae are subject to a number of interacting factors,
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so the groupings are broad at best.
It is interesting that the host compatibility 
groupings are in good agreement with the pure culture 
taxonomy. Normand and Lalonde ( 1986 ), have suggested 
that host specificity groups are based on Frankia gene 
or gene clusters, as proposed by the genetic studies in 
vitro.
Further research into the taxonomy of the Frankiae 
will however require the isolation of additional pure 
cultures of the endophyte from a wider range of hosts, 
than is presently available.
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CHAPTER TWO 
2^0 Isolation of Frankia 
lD.ttoductÿon
Isolation of a specific microorganism from its 
natural habitat usually involves most if not all of the 
following steps.
(i) Choice of source material: This can be soil, water, 
animal or plant material.
(ii) Enrichment: To increase the chance of isolating
the desired organism, the parent material can be pre­
treated in various ways e.g the use of inhibitors or 
substances to suppress the growth of competitors or 
enhance that of the required organism.
(iii) Separation: The microorganisms are separated from 
the parent material by a combination of methods, e.g 
washing, filtration, disruption or dilution.
(iv) Incubation: This step can exert the greatest 
influence on the outcome of a particular isolation 
attempt- The conditions and media used must fulfill the 
necessary criteria for the growth of the desired 
organism. In many cases selective media can be used if 
the requirements of the organism are known.
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y2.1.1 Isolation of the Frankia Endophyte from Root 
Nodules.
The steps outlined above, apply equally to the 
isolation of Frankia endophytes from the root nodules 
of woody dicotyledenous angiosperms. Peklo ( 1910 )
described in detail the earliest isolation attempt for 
actinomycetic endophytes. Since then considerable 
numbers of attempts have been made, culminating in the 
successful isolation by Callaham et aj,, ( 1978 ).
2.1.1.1 Initial Considerations
The key step forward in isolating Frankia from
root nodules was recognising that it was an actinomycete
Early failures ( see Table 2.0 ) were probably due to
isolations being targeted towards bacteria. The
isolation of Frankiae is further complicated because of~ 1its much slower growth rate ( typically 0.01h )
compared to other soil microorganisms e.g Bacillus,
Streptpmyces and Pseudomonas spp ( ju typically 0.05- 
- 10.2h ).
Isolation must be designed to compensate for this 
generally poor competitive ability.
Isolation Techniques 
Isolation is defined as the hyphal outgrowth of 
Frankia from the endophytic phase inside the root
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nodule to a free living phase independent of the 
nodule.
2^1^2^1 Preparation of Mpno-axenic Nodule Tissue
The primary aim of this stage of isolation is to 
obtain substantially contaminant free nodule tissue. 
Pre-incubation of the nodules in rich media has been 
used prior to sterilisation, in an attempt to encourage 
the growth of contaminating microorganisms, its use is 
however,totally nonsensical, { Berry and Torrey, 197^; 
Quispel and Tak, 1 9 7 8  ). The most common method is that 
of chemical sterilisation and sodium hypochlorite has 
been routinely used. ( Lalonde et a 1 ,  1 9 7 5 ;  Baker et
al,, 1 9 7 9 ;  Benson, 1 9 8 2 ;  Lechevalier et al_, 1 9 8 3 , ;  Diem
and Dommergues, 1 9 8 3 ^  Zhang et al, 1 9 8 ' i  ; Zhang and
Torrey, 1 9 8 5 a ) ,  A surfactant e.g Tween 8 0  or " Teepol " 
is sometimes included as a wetting agent.
Other chemical sterHants such as bromine, ( Burggraaf, 
1984; Quispel, 1955, 1960, 1974;; Quispel and Burggraaf, 
1981; Burggraaf et al,, 1981; Berry and Torrey, 1974), 
mercuric chloride and giutaraldehyde, have also been 
used. ( Callaham et al, 1978; Baker and O'Keefe, 1984).
Lalonde et al, ( 1981 ) consider that 3% w/v osmium
tetroxide is the optimum chemical surface sterilant for 
the nodule, Burggraaf ( 1981 ), Diem and Dommergues ( 
1983b ) and Hafeez et a l , (1984 ) have all made
successful isolations using this method.
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Washing the nodule in water or 70% w/v ethanol 
prior to the sterilisation step is also beneficial. ( 
Burggraaf, 1984 ). Peeling the outer epidermis of
the nodule before sterilisation was carried out by 
Quispel ( 1955 ), presumably to reduce the load of
contaminating organisms. The necessity of this has been 
questioned, however. ( Burggraaf, 1984; Diem and 
Dommergues, 1983a)
The efficiency of the sterilisation procedure can be 
checked by incubation in suitable microbiological 
media.
2.1.2.2 Homogenisation and Separation Methodology
Within the nodule, the Frankia endophyte exists in 
the form of vesicle clusters and hyphae, which invade 
host cells. ( see 1.1.4 ). Isolation must be aimed at 
releasing and separating vesicle clusters, which are 
the greatest concentration of the endophyte i.n yiyq, 
from the surrounding plant tissue.
The manner in which this step has been achieved forms 
the major part of the isolation process and the 
techniques used are many and varied. Table 2.0 
summarises, in chronological order, the history of 
isolation methodology.
Early attempts at isolation mainly involved
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crushing or dissecting the nodule in some way. This
exposed the endophyte vesicle clusters. The nodule 
could then be incubated in suitable media. Not 
surprisingly this was not successful and no Frankiae 
were ever obtained. Failure can be attributed to the 
fact that no dilution of contaminating microorganisms 
occurs, nor concentration or separation of the
endophyte from surrounding plant tissue. The method 
also lacked sufficient surface sterilisation. Some
recent successes have occurred, using osmium tetroxide 
sterilised nodules, ( Lalonde et a1, 1981; Zhang and
Torrey, 1985k Zhang et aj., 1984; Hafeez et aJ. , 1984;
Burggraaf, 1984; Diem and Dommergues, 1983b|, ) and 
nodules obtained from plants inoculated with surface 
sterilised crushed nodule homogenates and grown in the 
greenhouse, in soil free systems.
Serial dilution of crushed nodules is a technique 
that has been extensively used in Frankia isolation 
attempts, again with little success. The problem is 
that contaminating microorganisms are usually present 
in larger numbers compared to Franki_a infective units 
and the latter are inevitably diluted out.
Currently, the most successful, though under 
utilised, isolation procedure for Frankÿa involves some 
form of selective filtration. Concentration of 
microbial populations from natural habitats by 
filtration, prior to isolation has been used routinely
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in microbiology, e.g for actinomycetes ( Trolldenier, 
19'M ) and bacteria so its
application to Frankiae isolation seems reasonable. 
Benson ( 1982 ) isolated Frankia spp from Alnus incana 
ssp rugosa, with a 91% success rate, using selective 
f iItration.
It is evident from Table 2.0 that isolations of 
Frankia from soil have not been successful. This is 
because little information exists on the ecology of the 
organism in its free living state. Sucrose density 
gradient centrifugation of soil from sites containing 
actinorhizae yielded many Streptomyces spp but no 
Frankia. (- Baker and ô’ItaePc , 199% )
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Table 2.0 Chronological Suimary of Isolation Attempts for Frankia ] Expanded from Baker and Torrey, 1979 )
Reference Isolation Method Host Species Described Isolate Reinoculation
Peklo(1910)
Spratt(1912)
Microdissection
Bottomley(1911, Crushed nodule 1912)
Crushed nodule
Bottoaley(1915) Crushed nodule
Youngken{i919) Microdissection
Alnus glutinosa Aktinomyses alnii Yes(25)Myrica gale Aktinomyces myricore Yes
Myrica gale Pseudomonas
radilolicola Yes
A.incana Eleagnus edulis
Ceanothus 
asericanus '
P.radilolicola Not tested
Bacillusradilolicola
Myrica spp Au myricarum
Not tested
Yes{9)
Lieske(1921)
Petry(1925)
Microdissection
HcLuckie(1923) Crushed nodule
Not known
A.glutinosa Schinzia alnii Hot tested
Casuarinacunninghamiana
Ceanothus spp
B.radilolicola
P.radilolicola Hot tested
Actinomycete Yes
Arcularius(1928) Microdissection H.gale and Not knownHippophae rhamnoides Hot tested
3 5
Table 2.0 continued
Ziegenspeck(î929) Microdissection A.glutinosa and Schinzia alnii Not tested 
H.rhamnoides
Bora{1931} Microdissection A.glutinosa and H.rhamnoides S.alnii Hot tested
Krebber{1932) Microdissection and crushed nodule A.incana and A.glutinosa Actinomyces spp No
Virtanen and 
Saaskiaoinen(1936) Microdissection A.glutinosa Bacterium Ko
von Plotho{1941) Microdissection
BouHens(1943) Microdissection
Hawker and Not knownFrapouth{1951)
A.incana
A.glutinosa 
A.incana
Actinomyces alnii Yes(72)
Actinomycete No
Eleagnus.Alnus Not known Myrica spp Not tested
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Table 2.0 continued
üeaura(1952-1960) Crushed nodule Alnus spp and Streptosyces spp Not testedother genera Nocardla spp
Quispel(1954-1960) Crushed nodule 
and serial dilution
Fletcher(1955) Crushed nodule
A,glutinosa
Myrica gale
Actinomycete Yes(5)
Actinomycete Not tested
Pommer(1956) Microdissection A.glutinosa Actinomycete Not tested
Pommer(1956) Microdissection A.glutinosa Actinomyces alnii Yes(4-6)
Fiuzek(1959) Not known
Niewiarowski(1959, Microdissection 1961)
Silver(1964) Crushed nodule 
and serial dilution
Alnus spp Streptoayces alnii Not tested
H.rhamnoides Nocardia hippophae Not tested
Myrica cerifera Not Known Not tested
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Table 2.0 continued
Danieleyicz(1965) Crushed nodule A.glutinosa Streptoayces alni Yes(16)
Allen et al(1966) Hicrodissection Coriaria arborea Streptoayces spp Not tested
Wollüs et al{1965} Crushed nodule Ceanothus velutinus Streptoayces spp Not tested
Hikola(19ô6) Not known Alnus spp Not known Not tested
Webster et al (1967) Not known Purshia tridentata Streptoayces spp Not tested
Youngberg and Hu(1972)
Crushed nodule Cercocarpusledifolius
Streptoayces spp Not tested
Pho(1973) Crushed nodule Myrica spp and Actinomycete Not tested H.rhamnoides
Lalonde et al(1975) Crushed noduleand serial dilution
Alnus crispa Actinosycete Not tested
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Table 2.0 continued
Costa and Rodriguez Microdissection 
Barrueco(1976) A.glutinosa Streptoayces spp Hot tested
Callaham et al (1978) Enzymatic digestion 
and microdissection Comptonia peregrina Frankia spp Yes(4)
Quispel and Tak Crushed nodule Alnus glutinosa Actinomycte Yes(6)(1978) and serial dilution
Berry and Torrey Hicrodissection(1979) A.rubra Frankia spp Yes(4)
Baker et al (1979) Sucrose density 
centrifugation E.umbellata Frankia spp Yes(4)A.viridis ssp crispa
Quispel and Review
Burggraaf(1981) Alnus, Myrica.Eleagnus Frankia spp Yes(4-6) Shepherdia
Burggraaf et al(1981) Crushed nodules, A.glutinosa
Sucrose density gradient ^  galecentifugation, double layer agars.
Frankia spp Yes(4-6)
Lalonde et al(198i) Chopped nodules 
microdissection A.glutinosa Frankia spp Yes(3)
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Table 2.0 continued
Benson(1982) Selective filtration A.incanasssp rugosa Frankia spp Yes(8)
Dlei and Chopped nodules, Casuarina eguisetifolia Frankia spp Yes(4)
Doimergues{1983) microdissection
Lechevalier et al Crushed nodules A.incana ssp rugosa Frankia spp Yes(4)
(1983)
Baker and O'Keefe Sucrose density gradient Alnus.Casuarina,Purshia Frankia spp Not tested(1984) phenol pre-incubation Myrica, Cowania, soil
Hafeez et al(1984) Crushed nodules A.nitida . Frankia spp Yes(8)
Zhang(1984) Chopped nodules Casuarina spp Frankia spp Yes(4)
Parsons et al{1985) Sucrose density gradient Alnus rubra Frankia spp Not known
centrifugation
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Table 2.0 continued
Zhang and Torrey Pre-iiiGubat-ion of Allooa»ina frankia §pp MM
(1985) crushed nodules lehsianniana
Numbers in brackets are the number of weeks before nodulation
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YSllflÇÊtlqn of Isolates as Frankia
The final stage in frankia isolation from actinorhisal 
root nodules is confirmation that an isolate is indeed 
Frankfa, According to the definition of the Frankiae 
put forward by Lechevalier and Lechevalier ( 1979 ),
the isolate should be capable of re-nodulating the host 
plant i.e satisfying Koch's postulates.
This step is often omitted in verification in favour of 
simple morphological tests or acetylene reduction 
activities. Table 3.0 summarises the most used methods 
for frankia verification by re-nodulation. Most of 
these are non-axenic, but, providing appropriate un­
modulated controls are included, this should not be a 
problem.
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It Is evident from the literature that the 
isolation of has recè\;ved considerable
attention. Despite this, however, defined reproducible 
techniques for the consistent isolation of Frankia from 
actinorhizae are still unavailable. In addition 
comparison of the relative efficiency of various 
isolation methods has not been undertaken. This would 
be particuarly useful for tailoring a method to a 
specific host. Accordingly a comparison was made of the 
principal isolation methodologies for Frankia and their 
relative efficiences, in order to identify a reliable 
isolation procedure.
2.2 Methods
Collection of Actinorhizal Nodules
Nodules from actinorhizal plants were collected 
from the following areas: Myrica ga^e ( Bog myrtle ),
from Hincheslea Moor near Brockenhust in the New 
forest; Alnus spp ( Alder ), from numerous locations 
throughout the U.K ( see Table 4.0 ); Hj.ppophae
rhamnoides ( Sea buckthorn ) from the sand dunes at 
Sandwich, Kent.
Nodules were excavated from the soil if necessary
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and then detached from the root using secateurs.
Excised nodules were sealed in polythene bags with a
sample of the site water or soil, and kept cool.
Isolation usually took place 48h after collection,oduring which time the samples were stored at 4 C. A 
detailed study of nodulated Alnus spp was made at 
Winkworth Arboretum near Godalming, Surrey and the 
results are presented in Table ,5.0.
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Table 4
Description of nodule collection sites
Host Plant j Site Description Geographic Location Code
Alnus glutinosa Hiverside Darenth, Kent, UK AG51
Lagoon Rippendten, Yorks, UK AG52A
Riverside Ripp#nd&n, Yorks, UK AG523
Riverside Abinger Hammer, Surrey ÂG53B
Water meadow (dry) Abinger Hammer, Surrey AG53B
Bog Ambersham Common, Surrey AG54
Riverside Harbing Pond, Surrey AG55A
Bog Harbing Pond, Surrey AG55B
Riverside Cornwall AG56
Alnus rubra •Riverside Powell River, 
British Colombia
AR51
Riverside Hope River, 
British Colombia
•AR52
Lakeside University of British 
Colombia, Vancouver
AR54
Riverside Kimberley River, BC AR55
Reclaimed quarry Brownshill Common, 
Hampshire, UK
AR56
Myrica gale Bog New Forest, Hampshire MY51
Hippophae rhamnoides Sand dune Sandwich, Kent HR51
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Table 5
Summary of host type and ecology of Alnus spp at 
Winkworth Arboretum
Host Spùre Type Local Ecology
Alnus spaethii Sp(+) Lakeside dry soil.
Alnus viridis - No nodules — sandy soil.
Alnus incana Sp ( 4 - ) Mixed vegetation.
Alnus crispa var mollis Sp(+) Mixed vegetation.
Alnus hirsuta Sp(+) Mixed vegetation.
Alnus japonica Sp(+) Bog 3 wet peaty ground.
Alnus mitida Sp(+) Sandy soil, lakeside.
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2^2.2 Surface Sterilisation / Disinfection of Root 
Nodules
Nodules collected either from the field or from 
glasshouse grown seedlings inoculated with crushed 
nodule homogenates, were washed in a stream of tap water 
and any attached roots removed with a sterile scalpel. 
Individual nodules were then rinsed thoroughly in 
distilled water and placed in sterile petrl dishes.
A number of procedures were used to surface 
sterilise the nodule, but sodium hypochlorite ( 30% v/v 
) with 1% ( v/v ) Trlton-X-100 added as surfactant was 
used most frequently. However the efficiency of 
sterilisation of root nodules by 1.5% (w/v) osmium
tetroxide; 2% (w/v) glutaraldehyde ( in 0.1M sodium
phosphate buffer pH 6.8 ); and 4.5% (w/v) sodium
metabisulphite ( Camden tablets, Boots PLC, Nottingham, 
UK ) was also tested.
Firstly the nodules were washed in distilled water 
containing 1% (v/v) Triton-X-100, separated into
individual lobes, aseptically and then pretreated with 
70% (v/v) ethanol for 5min. The ethanol was removed by 
washing with sterile distilled water, (SOW). The nodule 
lobes were then transferred to sterile 1.5ml Eppendorfs 
( Sterilin, UK, Ltd ), containing 1.0ml of the 
sterilising agent. These were vortexed for 2-5min. The 
sterilant was removed by repeated washing of the 
nodules with SOW.
48
Sterilisation efficiency was determined by pushing
surface sterilsed nodule pieces, prepared by the
various methods, into Tryptic Soya Agar (TSA), ( Oxoid,
Ltd ), Nutrient Agar (NA), (Oxoid, Ltd ) and Czapek-Dox
Agar (GZD), ( Oxoid, Ltd ). The plates were sealed withoparafilm and incubated at 28 C for upto 1 month. 
Sterilisation efficiency was expressed as the ratio of 
sterile nodule pieces, compared to the number of non- 
sterile nodule pieces.
2^2^3 Homogenisation of Nodules
Release of endophyte vesicle clusters and hyphae
from the nodule was achieved by a variety of methods,
but mechanical homogenisation was most often used.
Surface sterilised nodule material was roughly
chopped, aseptically, and transferred into an MSE
homogenising vessel ( 10.0ml volume ). 3.0ml of the
appropriate homogenisation medium was added. The blade
and drive shaft of the top drive Wareing blender ( MSE
Instruments Ltd ) were sterilised by flaming in
methanol. The nodules were then homogenised at topospeed ( 2000 rpm ) at 4 C for 5min.
The following media were assessed as homogenisation 
media, in a ratio of Ig fresh weight of nodule to 3.0ml 
of medium: 60% (w/v) sucrose; SOW; mineral salts medium
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(BFS),{ see Table Al ), pH 6.8; 0.1M sodium phosphate
buffer, pH6.8; 1/4 strength ringers solution, pH 6.8.
In addition, 10mM freshly prepared sodium dithionite
was added to the media to assess its effect on
preventing polyphenol oxidation.
Further homogenisation methods used were: mortar
and pestle, Potter-Elvejehm tissue homogeniser and 
microdissection, in which the vesicle clustere were 
teased out of the nodule using mounted needles.
The effectiveness of the homogenisation 
procedures, asssessed as the number of vesicle clusters 
released per ml of homogenate was determined by 
aseptically removing samples with a Pasteur pipette. 
The clusters were counted in an Improved Nac ubauer
Haemocytometer, on the X40 objective. A minimum of 10 
squares were counted and the number per unit volume 
calculated.
Se^arat^on of Endophyte Vesicle Clusters from 
Nodule Homogenates
Differential Filtration of Nodule Homogenates
A number of attempts at differential filtration 
were made, the most successful technique being that
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modified from Benson ( 1982 ). The apparatus is
illustrated in Figure 2.0. It was constructed by heat-
annealing 25pm mesh to the bottom of a 60ml
polypropylene syringe barrel ( B.D. Plastipak, Ltd ). 
To a second 30ml syringe barrel. 60 jum mesh was also
heat annealed, this then sat inside the 60ml barrel. A 
foam bung was used to plug the 30ml barrel. The whole 
apparatus was wrapped in foil and autoclaved (
15psi/15min).
Nodule homogenate ( approx, 20-25ml ) was
filtered by gravity through the 60pm mesh and washed
with 60ml of the homogenising medium. ( Plates 6.0 and
7.0 ). If the mesh blocked then it was gently
aspirated with a sterile pasteur pipette. When
filtration was complete, the 60pm mesh was discarded.
The 25pm mesh was washed with a further 120ml of
homogenisation medium. When filtration was complete,
the 25pm retentate was harvested by washing off into a
minimum volume of homogenising medium. The number of
vesicle clusters was then determined and adjusted to6 -1give a vesicle cluster suspension of 10 ml
All the operations were carried out in a laminar flow
hood.
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Figure 2.0 Isolation of Frankia fron Nodules of Alnus Spp Using
the Differential Filtration Procedure
SLiCE
FRESH NODULES
SURFACE STERILISE 
IN 30'% HYPOCHLORITE 
5 mn. $
t ^ a^p VASH THROUGH STERILE WATER 
SEVERAL TIMES
HOMOGENISE FOR 5  MIN. AT 
MAXIMUM SPEED.
WASH 6 0  ML SYRINGE 
BARREL3 0  ML SYRINGE BARREL
 60;UM SCREEN
FILTERS OUT PLAN 
DEBRIS
2S*>)M SCREEN RET A INS 
VESICLE CLUSTERS,
Al.LOVS WASHING THROUGH OF 
OTHER MICROORGANISMS.
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E1Ê5Ê Z_L® Isolation of Frankia ysj.ng the
Differentia^ Fdltrat^on Procedure^ Step Loading
the 60 pm Mesh,
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Elstc 8_L^  Isolation of Frankia using the Differentia^ 
Filtration Procedure^ Step 2^0 Filtration Through the 
2K um Screen.
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2:1:4 = 2 mr ia 1 d 11 ut-ion o£ Nodu 1 e Homogenates
Nodule homogenates were made up to 100ml using the 
appropriate homogenisation medium, isml fractions were
washed twice by centrifugation at 1000xg for 5min at o4 C, in a bench top centrifuge. ( Arnold Horwell, Ltd ) 
The washed nodule homogenate was then serially diluted 
to 10 in homogenisation medium, or left undiluted, 
and 0.5ml samples incorporated into a range of agars. 
(See Table Al )
Incubation Conditions For Frankia isolation
Initially a . basal medium denoted Basic Frankia 
Salts (BFS) at pH 6.8 ( pH 4.8 for Myr^ca gale ), was 
used for all the isolations. This was supplemented with 
a wide range of carbon and nitrogen sources to give a 
defined medium. ( Table Al). In addition a range of 
complex media was used. Media were used as broth,and 
standard agar or semi-solid agar.
2^2^5^l Preparation of Media
(i) For pour plates, tempered molten agar (100ml) 
was inoculated with 10ml of vesicle cluster suspension,
55
and 15ml poured per plate.
(11) Double layer agar plates with a bottom layer 
of BFS agar and a top layer of BFS agar plus carbon and 
nitrogen source, into which 0.5ml of the vesicle 
cluster suspension had been added were also used.
(iii) Gradient plates were made by pouring a
bottom layer of BFS agar and allowing it to set at an oangle of 15 . A top layer of BFS agar containing carbon 
and nitrogen sources was then poured on top. Plates 
were inoculated with 0 .1ml of vesicle cluster 
suspension spread over the surface of the dried plate.
(iv) Semi-solid agars were made using a range of 
agar concentrations between 0.35 and 1.0% (w/v) with 
BFS and a range of carbon and nitrogen sources in the 
medium. These were inoculated with 0.5ml of vesicle 
cluster suspension per 10ml of agar, while the agar was 
cooling as described for pour plates. Alternatively the 
semi-solid was inoculated when set by stabbing into, or 
layering on to the surface of the medium
(v) Solid agars in tubes were stab inoculated 
with loopfuls of vesicle cluster suspension or nodule 
pieces. Occasionally 0.5ml aliquots of vesicle cluster 
suspensions were pipetted onto the surface and allowed 
to diffuse into the agar.
(vi) Broths ( 9.0ml ) of the appropriate media were 
inoculated with 1.0ml of the vesicle cluster 
suspensions.
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Plates were always sealed with parafilm to 
limit desiccation and incubated upsidedown. Plastic 
petri dishes ( triple vent ), were obtained from 
Sterilin UK, Ltd. Table Al summarises the recipes, 
preparation details, and references for the media used.
Incubation Temperature
A range of temperatures was initially used, but o o25 C and 30 C were later adopted as standard.
2,2.5.3 Incubation Atmosphere
Normal atmospheric conditions were used to 
incubate the cultures. However 10% carbon dioxide in 
air ( for autotrophic enrichment ) and 95% nitrogen in 
air ( microaerophi1ic ), and 10% hydrogen in nitrogen 
(autotrophic hydrogen oxidation) , were also used. The 
required gas phase was obtained by evacuating the 
headspace above the inoculated medium in McCartney 
bottles sealed with ” Vacutainers ", using a needle 
(21G) connected to a vacuum pump. The headspace was 
then backfilled with the appropriate gas to give the 
desired concentration. No steps were taken to sterilise 
the gas.
2.2.6 Verification of Isolates as Frankiae
Putative Frankiae obtained by isolation were
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verified as being true Frankia spp by inoculation onto 
host plants, the subsequent re-infection satisfying 
Koch's postulates. A combination of microscopic 
observations ( light and scanning electron microscopy 
), comparing the isolates to culture collection strains 
were also used. Acetylene reduction assays were used to 
check if the isolate fixed atmospheric nitrogen.
2^2^6_^3 Light Microscopy
Putative isolates growing within the agar were
observed using an inverted microscope at x40
magnification. The characteristic " starfish " type of 
appearance of the colonies, with numerous large
sporangia was looked for.
Microscope slides of pure cultures and putative
isolates were made by sampling the growth medium onto a 
clean ethanol washed slide. If wet mounts were
required, a cover slip was placed on top and pressed 
down firmly with blotting paper. The edges of the cover 
slip were then sealed with clear nail varnish.
Stained preparations were made by;
(i) carefully introducing lactophenol in cotton
blue, or crystal violet under the cover slip of wet
mounts.
(ii) preparing heat fixed smears and staining with 
lactophenol in cotton blue, Lugols iodine or Gram
stain -
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Slides were examined using phase optics, dark field or 
transmitted light with a Zeiss microscope fitted with a
Nikon FM2 camera. The film was Ilford Pan F, 50 ASA.
2.2.6.2 Scanning Electron Microscopy
Samples for scanning electron microscopy (SEM) of 
pure cultures of Frankia were prepared using the 
following protocol.
Firstly, strains were checked under the light 
microscope for the features to be observed under the SEM. 
14 day cultures of Frankia were washed twice by
centrifugation ( 15min, 3000xg ) in 100mM phosphate 
buffer pH7.2. The washed pellet was transferred to a 
1.5ml Eppendorf and re-spun at 12,000xg in a microfuge 
(Arnold Horwell Ltd ). The supernatant was removed and 
3% (w/v) glutaraldehyde in 100mM phosphate buffer, pH
7.2 was added. The cells were incubated for 1.5h at 
room temperature. The excess fixative was removed by 
washing twice by centrifugation in 100mM phosphate 
buffer, pH7.2.
The cells were post fixed in 1.5% (w/v) osmium 
tetroxide in the same buffer for Ih at room
temperature. Excess fixative was washed out as 
previously described. Cells were then dehydrated
through an acetone series of 30% (v/v), 50% (v/v), 70%
(v/v), 90% (v/v), 95% (v/v) and 100% (v/v). If the
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cells were stored overnight, they were stored in 70%o(v/v) acetone at 4 C. The final acetone step was 
repeated using 100% (v/v) acetone stored over a drying 
agent. The samples were then critical point dried with 
carbon dioxide.
Following drying, the samples were kept dessicated, 
and then fixed to metal stubs using double sided tape. 
Samples were sputter coated with gold palladium under 
vacuum. The stubs were finally mounted into a JEOL 2000 
SEM, fitted with an Olympus CM2 camera.
Plant Test Systems
Treatment of Seeds
Seeds were usually collected from host plants at
the sites used for nodule collection ( see Table 4.0 ).
In addition seeds of H^ppqphae rhamnoydes were obtained
from Thompson and Morgan Ltd and seeds of non-native
Aj,nus spp were a gift from the Forestry Commission.
To induce germination M n u s  seeds were soaked for o48h at 4 C in distilled water and then stratified inodamp acid washed sand in sealed petri dishes at 4 C for
2-3 weeks. Seeds were then germinated on damp filter opaper at 25 C in the dark.
Myrica gale seeds were particuarly difficult to 
germinate. The problem was overcome by germinating the 
seeds on agar containing IpM giberellic acid ( Sigma
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Chemicals, Ltd )
Seeds of Hippophae rhamnoides were soaked in 
distilled water overnight and then germinated on damp 
filter paper as described for M n u s  spp.
2j_2_^6^3^2 Seed Surface Sterilisation
Mono-axenic nodulation tests were often required,
therefore seeds were surface sterilised in 30% (v/v)
sodium hypochlorite supplemented with 1% (v/v) Triton-
x-100, by agitation for upto 30min. Surface
sterilisation of the seeds was determined by incubating
in nutrient broth, nutrient agar or Czapek Dox agar, at o28 C for 7 days. Seeds shown to be sterile after this
time were germinated in tap water agar ( tap water 11,
—  1 —  1 Lab M MC2 agar, 15gl ) or Jensens agar. ( gl ,
CaCl .2H O, 0.1; K HPO ,0.9; NaH PO , 0.6;2 2 2 4 2 4MgSO .7H 0,0.2; NaCL,0.2 ; FeCl .6H 0,0.1; Agar ( Lab M 4 2 3 2), 10 and 10ml of trace elements as per BFS ) as
described by Burggraaf ( 1984 ).
2_^2_^6^3^3 Plant Cultivation Methods
A number of methods for the cultivation of 
plants both axenically and non-axenically were 
assessed, for their suitability for nodulation
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bioassay. Figure 3.0 details the systems used.
2.2.6.3.4 Plant Cultivation by Hydroponics
One litre Kilner jars were covered with tin foil.
A polystyrene ceiling tile was cut into a square
sufficient to cover the top of the jar. 5xl0mm dia.
holes were cut in the tile and the top covered with tin
foil. A small piece of non-absorbent cotton wool was
wrapped around the stem of a pre-germinated seedling
which was placed in the hole in the ceiling tile. The
jar was then filled with plant nutrient solution ( FNS
), ( see Table Al ) and the lid held in place by small
pieces of velcro strip. If sterile cultivation was
required, all the components were autoclaved and the
seedlings added later. All operations were carried out
in the laminar flow cabinet. Jars were incubated at o20 C with a 16h photoperiod.
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Figure 3.0 Plant- Cultivation Systems for Modulation
Bioassay.
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Fiant cultivation in Fdastlc Pots
Seedlings were planted into perlite in 2'' plastic 
pots and FNS was added upto the water holding capacity 
(WHO of the perlite. To limit evaporation and algal 
growth coloured polpropylene granules were added to the 
surface of the perlite. The pots were stood in trays, 
one per treatment to prevent cross contamination and 
watered with distilled water every 48h, and with PNS 
each week. Pots were incubated as previously described 
for the hydroponics.
iDOÇMlÊtion of Plants wj.th Putative ftankia
spp
Seedlings were root drenched with 0.5ml of washed,
homogenised mycelium, per plant. For the hydroponic
systems the seedlings were dipped into a suspension of
washed mycelium. The mycelium being washed twice byocentrifugation (2000xg, 15min, 4 C ), in a bench top 
centrifuge. (Arnold Horwell,Ltd ), in 0.1M sodium 
phosphate buffer pH 6.8, and homogenised by repeated 
aspiration through a bent 21g needle. A sample of 
homogenate was diluted in 1/4 strength ringers solution 
and spread plated onto P/CAS ( see Table Al ) medium to 
determine the infective capacity of the inoculum, as 
the number of colonies formed per ml.
Seedlings were also inoculated with nodule
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homogenates to obtain nodulated plants for further 
isolations. Nodule homogenates prepared in 2.2.3 were 
diluted by a factor of 10 and 0.5ml used to root drench 
each seedling.
2.2.6.4 Acetylene Reduction Assay
Putative isolates , cultured in nitrogen free
media in bottles of known gas volume , were sealed with
vacutainers. Root nodules were treated in the same
manner. A 10% acetylene atmosphere { relative to the
gas volume of the vessel ) was made in the bottles by
removing 10% of the vessel 'atmosphere with a syringe
and backfilling with the same volume of acetylene.oBottles were incubated in the dark at 30 C. At
various intervals 1.0ml samples of the headspace gas
were removed from the bottles using a 1ml syringe and
25g needle. The syringe was rapidly aspirated to ensure
good gas mixing. Acetylene and ethylene were measured
by gas chromatography. 0,5ml of the gas sample was
injected onto a Perkin Elmer F-11 gas chromatograph,
fitted with a flame ionisation detector, a Im x 0.7mm
(i.d) glass column filled with Porapak-N ( PhaseoSeparations, Ltd ). G.C conditions were; oven 90 C, o odetector 90 C, injector 100 and nitrogen carrier gas 
-130ml min
Peak height and attenuation factor were used to
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calculate the amount of ethylene produced from 
acetylene, by comparison to an ethylene standard, ( 
Phase Separations, Ltd ).
_ j_
1 peak height unit = 0.014 nmoles ethylene ml 
The rate of nitogen fixation can be approximated from 
the acetylene reduction data by dividing by 4 ( rather 
than the theoretical value of 3 ) to account for the 
electrons used for hydrogen evolution in biological 
nitrogen fixation.
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2^3 Resul^ts and Discussion
The in vitro isolation of actinorhizal 
microsymbiotic endophytes from nodule tissue has always 
been fraught with problems. Failures over a number of 
years, prior to Callaham et al, ( 197# ), are ample 
evidence. ( Table 2.0 ). The reasons for the
difficulties encountered can be summarised as follows:
(i) Frankiae grow very slowly in comparison to 
other actinomycetes, eubacteria and fungi. Isolates can 
easily be missed if incubation times are kept short to 
avoid overgrowth of Frankia by other microorganisms.
(ii) Failure to remove the preponderance of 
contaminating eubacteria, fungi and actinomycetes, 
present on the nodule surface can result in Frankia 
being swamped in isolation media.
(iii) The nutritional requirements of Frankiae 
making the transition from host dependant ( symbiotic ) 
to in yi,trp growth ( free-living stage ) are poorly 
defined.
(iv) The inhibitory potential of plant compounds 
especially polyphenols released when the nodule is 
homogenised.
(v) There is a need for an initial high concentration 
of potential Frankia colony forming units in the nodule 
extract used to inoculate the isolation medium.
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The following criteria were assessed as being 
necessary for successful isolation of the Frankia 
endophyte.
(i) Fresh nodule tissue.
(ii) Effective surface sterilisation.
(iii) Rapid removal of toxic phenolic compounds 
from nodule homogenates.
(iv) Effective separation of the endophyte 
containing structures from contaminating plant 
tissue and microorganisms.
(v) Suitable media and incubation conditions 
allowing some degree of selectivity against 
organisms not removed by (ii) and (iv).
An additional criterion was that isolates should 
satisfy Koch’s postulates, before being classed as true 
Frankia spp.
Optimum lsoj,ation Procedures for Frankia
The ultimate aim of the comparison of isolation 
methodologies was to develop an optimum procedure for 
reliable Frankia isolation which satisfied the 
criteria outlined above.
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2-3.1.1 Isolation of Frankia from Alnus spp
The best procedure for isolation of Frankia from 
Alnus spp was that of differential filtration of 
homogenised, surface sterilised nodules,( Figure 2.0).
2^3^1^1^1 Surface Sterilisation
Nodule surface sterilisation forms a crucial part 
of the isolation procedure by removing the large load 
of contaminating microorganisms, which would quickly 
overgrow the endpohyte. Clearly the sterilant must not 
be too toxic to the endophyte.
Of the numerous chemical sterilisation techniques 
tested, a combination of pre-washing in detergent ( 
Triton-X-100 ), superficial disinfection in 70% (v/v) 
ethanol for 5min, followed by breaking up of the nodule 
lobes and surface sterilising in 30% (v/v) sodium
hypochlorite with 1% (w/v) Triton-X-100 in 1.5 ml
Eppendbrfs for 2min was the most effective at reducing 
contamination. Compared with untreated controls this 
method resulted in 95% of the nodules being free from 
bacterial contamination and 90% of the nodules being 
free from fungal contamination.
It was particuarly important to wash away the residual 
hypochlorite, but the use of an initially small volume 
( 1ml ) and repeated washing overcame this. Numerous
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other workers have used sodium hypochlorite but none 
report on its effectiveness, ( Lalonde et a3^ , 1975;
Baker et al^ , 1979; Benson, 1982; Diem and Dommergues, 
1983& Lechevalier et al, 1983; Parsons et al, 1985; 
Zhang and Torrey, 1985b).
The use of Triton-X-100 as a wetting agent for the 
nodule was assumed to enhance the sterilant action. It 
was also important to use freshly prepared hypochlorite 
as the chlorine concentration decreases on storage. 
Breaking up the nodule lobes was thought to increase 
the available area for sterilant contact, although it 
may cause some damage to the endophyte.
Homogenisation of Root Nodules
Effective homogenisation should release large
numbers of endophyte particles from the surrounding 
plant tissue as quickly as possible. Of the procedures 
attempted homogenisation in a top drive Wareing
blender for 5min at maximum speed yielded the most 
vesicle clusters compared with the other techniques,
( Table 6.0 ). A number of other workers have also
reported success with this method, ( Lalonde, 197'f ; 
Akkermans, 1978 ), although with the exception of
Akkermans ( 1978 ) no vesicle numbers were quoted.
Homogenisation medium had no effect on the homogenate 
quality or subsequent isolation. Phosphate buffer (
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100mM, pH6.8 ) or sterile water was therefore used, for 
further work.
Table 6.0 Effectiveness of Procedures 
Homogenisation of Actinorhizal Root Nodules
for
Treatment Time No. Vesicle 
Clusters, ml ^
Top drive Wareing blender 
(max. speed 2 0 0 0  rpm)
1 0  min 1.79 X 10^
Top drive Wareing blender 
(max. speed 2 0 0 0  rpm) 5 min
1.60 X 1 0 ^
Pestle and mortar 5 min 4.3 X 10^
Potter-Elvejehm (glass pestle) 24 strokes 7.5 X 10^
Hierodissection N.A. 1 . 1  X 1 0 ^
3.0 ml of homogenate, from 1.0 g fresh weight of nodufes 
N.A. - Not applicable.
Separation of Nodule Homogenates
Differential filtration of nodule homogenates 
through nylon meshes of 60 and 25jum, in the apparatus 
detailed in Figure 2.0, was particuarly effective at 
isolating vesicle clusters. The method was rapid and
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easily used aseptically. Homogenate was separated into
two fractions, the 60^m mesh retaining the plant
material, the 25um mesh the vesicle clusters. Thorough
washing of both meshes was needed to remove both
phenolic compounds and other debris. Vesicle clusters5 -1in the original homogenate ( 1 x 10 ml ) were 
concentrated on the 25iim mesh by 5 to 10 times.
The selective filtration procedure was based on 
that of Benson ( 1982 }, who filtered nodule
homogenates of Adnus spp by gravity, through nylon 
meshes of 52)im and 20jum in series. Numerous isolates 
were obtained. However, Akkermans ( 197B ) routinely 
isolated vesicle clusters from nodule homogenates for 
in vdtrq nitrogen fixation experiments using a 20jam 
gauze, a 100pm gauze being used as a pre-filter for 
plant debris. So it is surprising that it was not 
adopted earlier as an isolation method, particularly as 
Akkermans, ( 197$ ); Akkermans et al_, ( 1977 ) and
Akkermans, ( 1978 ) had proved the endophytic nature of 
the vesicle cluster using diaminopimelic acid (DAP) as 
a marker for the endophyte j^ n yi^yq. In addition most 
workers have used some form of filtration, e.g through 
100^m mesh, prior to other isolation procedures. { 
Baker et al, 1979; Quispel and Tak, 1978; Callaham et 
al, 1973; Lalonde et al, 1975; Burggraaf, 1984 ) .
Interestingly, the isolation frequency per unit of
vesicle clusters was very low. From an initial inoculum 5 6of 10 -10 vesicle clusters per plate, 20-30 Frankia
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colonies developed. Benson ( 1982 ) and Burggraaf ( 
1984 ) also observed this. It is possible that in
common with legume bacteroids the activity of the 
actinorhizal vesicle cluster is limited to that of 
fixation. Viable hyphae are, however, associated with 
host cells { Torrey, 1978 ), and in the isolation of 
vesicle clusters these may be concentrated up to yield 
Frankia colonies. This may well be the source of the 
isolates rather than the vesicle cluster.
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2.3.1.1.4 Cultivation and Incubation of Frankia from 
Nodule Fractions
The final stage in endophyte isolation is to 
optimise the cultural conditions which promote the 
outgrowth of Frankia from nodule fractions. Successful 
incubations must enable growth of the endophyte whilst 
restricting growth of contaminating microorganisms. 
Temperature, oxygen tension, pH and available nutrient 
sources will all exert an effect. Media used for
isolation are listed in Table Ai , and were all based 
on recipes which other workers had found to be
effective for Frankya isolation. The transition of 
Frankia from the symbiotic to the free-living state may 
be accompanied by unknown nutritional requirements. For 
this reason a wide, variety of defined and complex media 
were used.
The most useful media in terms of the selective 
filtration procedure were those comprising inorganic 
salts, a carbon source of pyruvate or propionate and 
casamino acids as nitrogen source, modified from Benson 
( 1982 ) and Burggraaf ( 1984 ). Pour plates or double 
layer agars were particuarly successful. This is
because ;
(i) Surface growth of contaminants is minimised by
their incorporation into the agar.
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(il) Contact between vesicle clusters and medium 
is increased.
In addition, pyruvate and propionate are readily
assimilable carbon sources. Propionate is also toxic to
some microorganisms and a selective effect may
therefore occur. Casamino acids, which provide a range
of amino acids were also important. Amino acids are
present in the host plant { .Wheeler, 1984 ) and have
been shown to regulate sporulation of Frankia j.n
v itro , ( Lamont,etal' 1985' ) . Amino acids are less
metabolically expensive to utilise than ammonium-N.
This could be important in the early stages of outgrowth
In this study, triple layer agars in which the“ 1top layer of agar contained 100pgml tetracycline and
—  1100>jgml chloramphenicol were particuarly useful, in 
combination with the differential filtration procedure. 
Surface contaminants could be almost eliminated.
Isq^at^qn of Frankÿa from Myrÿca ga^e and 
HiPPophÿe rhamnqides
The optimised procedures for nodule surface 
sterilisation and homogenisation were also used in the 
isolation of Frankia from Myrica gale and Hippophae 
EbÊBDoides, only the separation of the nodule 
homogenates and incubation conditions differed.
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2.3.1.2.1 Separation of Myrica gale and Hippophae 
rhamnqides Nqdujlq Homogenates.
Serial dilution of a washed concentrated pellet of 
nodule homogenate, harvested by centrifugation was
successful at obtaining Frankia isolates from Myrica-1 -2 -3ga^e and Alnus spp. The 10 , 10 and 10 dilutions
“5were optimum for endophyte isolation. Below 10 no 
growth occurred. The pre-washing by centrifugation was 
thought to be useful at reducing contamination by other 
microorganisms as these were only detected in low 
numbers. The centrifugation step also serves to 
concentrate up the homogenate so that over dilution 
does not occur. This may be the reason for the failure 
of the technique in the past, ( Quispel, 195§, 1960;
Quispel and Tak, 1978; Lalonde et al^ , 1975 ). Quispel 
and Burggraaf ( 1981 ) did however obtain Frankia
isolates using this technique, but commented on the 
potential to overdilute the homogenate.
iDcubatÿqn of Frankyae from Nodule Fractions 
Generated by Serial^ Dilution
Media for the isolation of Frankia following 
serial dilution were more difficult to optimise than 
those for the differential filtration method. Qmod
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medium ( Lalonde and Calvert, 1979 ), which contains a 
lipid supplement and semi solid { 0.5% w/v ) mannitol 
salts agar yielded isolates from the serial dilution 
procedure. The role of the lipid supplement in 
isolation media remains controversial. Some workers ( 
Quispel and Tak, 1978 ) report its necessity. Burggraaf 
( 1984 ) showed that it was necessary for isolation
from SP“ nodules and 'C la s s e d -  it with bWe poryphyrina In 
subsequent cultivation the root lipid requirement could 
be replaced by Tween 80 or Triton-X-100. however these 
could not be replaced in isolation media. The status 
of such root lipids is still open to question. 
Isolations of Sp- and Sp+ material have been made 
without such an adjunct. No explanation has been 
forwarded for their mode of action.
Few workers have used semi- solid agar, although 
it is routinely used in the isolation and cultivation 
of microaerophl1ic diazotrophs e.g Azqspÿrÿ^^um spp. 
Diem and Dommergues, { 1983b) and Boonkerd et al^, ( 
1985 ) have used semi-solid agars in Frankÿa isolation 
from Casuarina spp.
The serai solid agar may provide a degree of spatial 
separation of the endophyte from contaminants. In 
addition restricted oxygen access to the medium may 
reduce the growth of contaminant
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2^3_^4 Summary of isolation Methodology for Frankÿa
During the 3 year period of the investigation 
approximately 1000 isolation attempts were made, 
yielding a total of 35 confirmed Frankÿa strains. This 
is a success rate of only 3.5% and highlights the difficulty 
involved in the isolation of Frankia from actinorhizal 
nodules previously discussed at the beginning of this section
However, this work did identify particular 
combinations of techniques which permit the isolation 
of Frankia with a high success rate. Optimisation of 
each of the isolation steps in turn and wherever 
possible in combination with one or more of the other 
steps proved useful.
In conclusion, a ranking system for each of the 
techniques for surface sterilisation, homogenisation, 
separation and incubation has been developed ( Table
7.0 ). The system allocates a mark for each of the
procedures based on subjective and objective 
assessments of their success as measured against the 
criteria laid down for optimum isolation. ( see section
2.3 ). Thus a " perfect ” technique would score 10/10.
To obtain the best possible isolation process one would 
select the highest individual ranking for each of the 
steps of the isolation procedure. The system is by no 
means an absolute answer, but it does provide a guide 
to the combination of methods most likely to result in
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the most reliable isolation of Frankia spp. Using the 
ranking system the best isolation procedures for 
Frankia from Alnus and Myrica spp were obtained as 
detailed in section 2.3.2. For example, an optimum 
isolation procedure for Alnus, would consist of; nodule 
surface sterilsation by 30% w/v hypochlorite, 
effectiveness 8; homogenisation by a top drive Wareing 
blender, effectiveness 9; separation by differential 
filtration, effectiveness 9, and incubation in a 
double layer agar, effectiveness 8. This gives the 
maximum score of 34 out of a possible 40. A similar 
process can be used for the other Frankia hosts.
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ËâI Confirmation of guooossful isolation
The final stage in Frankia isolation from 
actinorhizal root nodules is confirmation that the 
isolate is indeed Frankia. Lechevalier and Lechevalier 
( 1979 ) have put forward the definition of Frankfa ( 
see 1.2.2 ). Renodulation of the host plant has
often been omitted from the verification steps. 
However, it was considered crucial to satisfy Koch's 
postulates as the isolation of a particular organism 
from the root nodule does not prove that it is the 
causative agent of that nodule.
2^4^! Nodulation Tests qn Plastic Pots
Growth of plants in pots containing perlite, 
covered with plastic chips to discourage algal growth, 
was a particuarly useful method. Initial nodulation 
trials were successful using this technique. As much 
care as possible was taken to ensure no cross 
contamination between controls and test plants, 
as encountered by some workers ( Callaham et a^ , 1970
). This was achieved by placing each set of pots in a 
separate plastic tray. When watering care was taken to 
limit aerosol formation. Consequently negative controls 
were always obtained.
Cultivation of seedlings under completely nitrogen
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free conditions led to poor root and shoot development.
—  1A small amount of nitrogen ( 50jug ml , shown not to 
inhibit nodulation in crushed nodule inoculations of 
Alnus gdutinqsa and Myrica ga^e was added to the 
nutrient solution, during initial cultivation ( Table
S.0 ) .
In the week preceeding inoculation the nutrient 
solution was changed to a nitrogen free formulation.
Z^djle 8^0 Effect of Nitrogen Concentration on 
Nodulation of Host Plant Seedlings
Mean Number of Nodules per Plant^
Host^ Nitrogen Concentration (pgnlN) ^
0 28 56 1 1 2 224 448
Alnus glutinosa 1 2 14 16 1 0 0
Myrica gale 7 8 7 0 0 0
Hippophae
rhamnoides 4 3 4 0 0 0
 ^ Mean number of nodules of 3 plants. .
® NH4 NO3 .
 ^Each host was inoculated with crushed nodule 
homogenates derived from nodules of the same 
species.
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ËâIâË Nodulation tests în Hydroponlo Culture
A system of hydroponic cultivation described and 
used successfully by a number of workers ( see Table
3.0 ) proved most effective. It could be used in the
plant growth chamber under artificial lighting and 
required minimal attention. Root systems were well 
developed and it was easy to check .for nodulation 
simply by lifting the lid of the jar ( Plate 9.0, ).
Water stress was not a problem, but the intolerance of 
young seedlings to high salt concentrations ( Torrey, 
1985. Pers. comm. ) necessitated the use of quarter 
strength plant nutrient solution.{ see Table Al ).The 
system in its Initial form was not sterile, although 
all the components were autoclaved before use.
In general most nodulation tests described in the 
literature have been non-axenic ( see 2.1.2.3 ). This
may be due to the difficulty of obtaining surface 
sterilised seeds, as found in this study. In addition 
the role of helper bacteria may be necessary. ( see
1.1.3.1 ).
Table 9.0 summarises the verification data for the 
Frankia isolates obtained in this study.
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Plate 9.0 Hydroponic Cultivation of Alnus glutinosa
84
orTO
I— I
t
I
wTOMTO
I-IOm-Hmo
§•H
g•H
5
g•rH
rHOTOT-Î
è
■ag
r sTO TO
s ICO A
TO TO TO A A ATO TO TO ---- -H-rH >H tH Z Z Z
A%
1
A A A A L A+
W
A CO w C.0 CO CO
4-eg"
TO 0fi oTO *H
TO Xt Ü TO <3 A
•f -i- ■h 4" Az 4- — — y
do•rH4J 0) X 3^ 3<TO -P o o LO o in O  '— -y o  — — yrH TO o 00 C7V o o
rg tH tH p
oz
TO TO TOTO TO TOo O od d d•H •H •H TO TO TO-H P P •H TO P Pp d d d TO TO TO ATO 1—I iH rH bO ♦‘TO XI d d
3 , bO bO ho id p p pTO A  O —> —yM TO TO Ü o d TO TO
2 d 2 P A  E d dd d d U A  TO d drH rH A to P  rd i-H p<3 < <3 Z W p <3 <3
TOXIou ■ < MtH CM CM p p VO VOTO CO CO CO A A A AP CD CD CD A -- — > A  — .~ y•H <3 <3 < <M
TOP P  CM A •4- A VO P P  CM ATO TO i I I 1 1 1 1 I I 1rH XJ 1—i CM CO T-t P VO VO VO VO VO VO A r-> Po q M PH M M P P P P p p p P p  p pTO O CD g W M P P P P P p P P P PM <3 -<3 < a W <3 <3 <3 <3 <3 <3 < ■< <3 <3
t3
.3i•p•TO
-PZ
AZ
85
CHAPTER THREE 
3^0 Purification and Preservation of Frankia 
3^i Microbiological Purity of Frankia
Once an organism has been isolated from its 
natural environment a purity check must be carried out 
to prove it is not contaminated with other bacteria, 
fungi or actinomycetes.
Despite selectivity in the isolation of Frankia, 
contaminating organisms can avoid elimination. Once 
purified it is also good practice to routinely check 
for contamination during cultivation.
Williams and Cross ( 1984 )have described numerous 
methods for the purification of actinomycetes. These 
include; (i) streak plating; (ii) spray plating; (iii) 
pour plating; (iv) pasteurisation; (v) dilution; (vi) 
filtration; (vii) selective media / incubation.
The agar medium should be conducive to the growth of 
actinomycetes. Purification is effected by a mixture of 
physical separation of contaminant from the target 
organism, and medium selectivity.
Pasteurisation of contaminated cultures ato otemperatures between 65 C and 85 C has been used. 
Success is limited by the temperature tolerance of 
the contaminant compared to that of the target
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organism. The method only really works for spore 
forming actinomycetes.
Serial dilution of contaminated cultures is also a 
possibility ( see 2.3.1.2.1 ) but a higher titre of
the target organism is necessary than the contaminant. 
This could be coupled with, for example, selective 
media. Selective filtration would be applicable 
providing the size and morphological difference between 
the contaminant and target organism was significant, 
e.g bacteria and fungi. Selective media and incubation 
strategies have been developed for the purification of 
specific actinomycete genera, usually involving 
antibiotics or specific growth factors.
Routine purity checking of Frankia cultures has 
received little attention. Very few workers report 
whether their strains have been purified or if any 
contamination was evident during isolation and 
subsequent cultivation. Only one such report of 
could be found. Lalonde et al_ ( 1981 ) tested the
purity of 10 out of 93 isolates on a range of media, 
aerobically and anaerobically. No contamination was 
evident.
No specific methods exist for the purification of 
Frankia which seems a particular oversight. Indeed 
some investigators are now concerned about the purity 
of culture collection strains, ( J.G. Torrey, 1985: 
A.J.P. Burggraaf, 1985. pers. comm. ).
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In this study strain purity was given a high priority 
and methodologies to obtain it were assessed.
ËaIjlË Preservation of Frankqa Strains
Purified isolates must be stored in such a manner 
as to maintain long term viability and genetic 
stability. Prior to 1986 no study of the long or short 
term preservation of Frankia had been attempted. 
Strains had simply been maintained by repeated 
subculture, often in complex media. The disadvantages 
of such an appproach are numerous. Desirable properties 
can be lost, e.g. viability, nitrogen fixation, 
nodulation and secondary metabolite formation. Also low 
level contamination can be transferred from one 
subculture to another. Selection of undesirable 
variants during subculture due to the heterokaryotic 
nature of actinomycetes { Hopwood, 198 1 ) is also a 
risk.
The preservation of bacteria and actinomycetes is a
well proven technology and a number of methods exist.
Pridham and Hesseltine ( 1975 ) reviewed methods for
actinomycete preservation, grouping them into long
term, short term and interim use. Long term storageomethods include storage on agar slopes at - 22 C 
( Tresner et al, 1960 ) or under oil ( Fromner, 1956 ). 
Spore suspensions have been preserved by transfer to 
plugs of absorbent cotton wool, seived soil, sand or
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fine mesh silica gel. The adsorbed spores are allowed 
to dry and the material stored over dessleant. Freese 
drying, reviewed by Williams and cross ( 1982 ) and
storage under liquid nitrogen in glycerol ( 10% w/v ),
( Pridham and Heseltine, 1975 ), are other long term 
storage techniques.
Repeated access to cultures is best served by
short or interim type storage. Kutner ( 1972 ) storedostreptomycetes in soft agar at 4 C. Small volumes
could be removed as required. Wellington and Williams
( 1978 ) used dilute glycerol ( 10-20% w/v ) frozen at o- 20 C. Repeated freeze-thaw cycles were possible, 
providing inocula in the short term, plus long term 
preservation of upto 24 months .
Addition of a support matrix, e.g. glass beads has 
been used to store bacteria in glycerol ( Feltham et al 
, 1978 ). Beads can be removed as necessary for use as
inocula.
Fontaine et al ( 1986 ) reviewed storage methods 
for Frankiae. Lyophilisation, frozen glycerol or 
inoculation into complex media was used to store 
Frankia HFP ArI3 for upto 36 months. Lyophilisation 
proved to be the most useful of the methods 
investigated.
At least two subcultures were required to ensure full 
expression of the phenotype, especially that of 
nitrogen fixation. Accordingly a study was made of a
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variety of methods for the preservation of Frankia 
strains isolated in this research.
3^2 Methods
EyElficatlqn of Frankia
Isolation and Identifj.cati.qn of Contaminants
Samples of contaminated cultures were streaked
onto nutrient agar or tryptic soya agar and incubatedoat a range of temperatures ( 15-42 C ). Colonies were 
picked off, and further purified by streaking onto the 
above agars. Identification of the organisms obtained 
followed procedures detailed by Collins and Lynne ( 
1970 ).
Response to Antj.Mqtj.cs
The response of Frankia strains to a number of
antibiotics was tested in both yeast extract medium and
BAP ( see Table Al ). 10 ml of medium containing the
appropriate concentration of filter sterilised
antibiotic, was inoculated with 1.0 ml of a washed,
homogenised cell suspension of Frankja ( see section
4.2 ). Two different initial protein concentrations ofoFrankia were used. The cultures were incubated at 30 C 
for 14 days, after which time the cells were harvested
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( see 4.2 ) and the cell protein determined using a 
modified Coomassie blue procedure ( see 4.2 ).
Resistance to a particular antibiotic or combination of 
antibiotics was expressed as;
% Resistance = protein concentration of cells treated 
with antibiotic / protein concentration of untreated 
cells.
Frankia response to antibiotics on solid media was
assessed by spread plating washed, homogenised cell
suspensions onto P/CAS medium and placing an antibiotic
disc ( Multodisc, Oxoid, Ltd ) on the surface. Theoplates were incubated at 30 examined after 21 days and 
the zone of inhibition measured.
PL§servatjqn of Frankia Strains
ËzË^Ë^l Storage jn Glycerol
0.5 ml of a washed, homogenised Frankja cell
suspension was inoculated into 5.0 ml of 20 % (v/v)oglycerol and stored at -20 C, At intervals of 3 
months the vials were defrosted and a sample removed 
for viability testing. Stored samples were washed in 
1/4 strength Ringers, by centrifugation, homogenised 
and inoculated into BAP or P/CAS medium. Viability was 
scored as growth or no growth.
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3.2.2.2 Freeze Drying of Frankia
Frankja cultures were washed once by centrifugation in
1/4 strength ringers and the cells resuspended in
skimmed milk according to the method of Lapage and
Redway ( 1974 ). The strains were then freeze dried
under vacuum ( Lapage and Redway, 1974 ). Vials
containing the freeze dried cultures were stored in the odark at 25 C. Vials were opened at 3 monthly intervals 
and the Frankia checked for viability as detailed 
above.
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3^3 RËÊ.111&Ê ÊBÉ Riscussion
3^3^1 Purification of Frankja Strajns 
3.3.1.1 Identification of Contaminants
Freshly isolated FHâHkja strains initially 
appeared to be pure when routinely cultivated in 
defined media, but it became apparent that they were 
contaminated, especially when they were grown in 
fermenters and complex media. This was also true of 
strains obtained from culture collections. The 
contaminating organism in 90% of cases was a %ram 
negative irreguarly shaped rod, forming yellow colonies 
on nutrient agar. As the colony aged the surface became 
dry. The organism was denoted FCl. A set of standard 
microbiological tests were used to attempt to identify 
FCl { Table 10.0 ). Preliminary results suggested
that FCl was a Pseudomonas sp. Using further tests it 
was possible to identify FCl as either Pseudomonas 
cepacja ( 1 negative character ); Ps^ Eutjda ( 2
negative characters ) or P s , diminuta ( 6 negative
characters ). On the basis of colony morphology ( 
Plates 14,15 ) and other gross features, e.g. smell, 
FCl was identified as Pseudomonas cepacia. 
Microscopical examination ( LM and SEM ) indicated that 
FCl was in very close association with the Frankja 
mycelium, possibly in the polysaccharide layer
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surrounding the hyphae ( Plate 10.0 ). It was therefore 
important to have a procedure for purification of 
Frankia from FCi that didnot affect Frankia viability.
Plate 10 Scanning Electron Mdcrograph of Frankia Cp^l 
Showing Bacteria 1 B 2^ Associated wdth the Hyphae
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TablelO
Biochemical and physiological characteristics of 
FCI compared to other Pseudomonas spp
Test FCI Ps .cepacia Ps.diminuta Ps.putida
Motility + polar flagellum + + T
Anaerobic Growth + + 4* 4-
Catalase + + 4-
Oxidase + + -r
Glucose (Acid) •f 4- + —
0 /F + Weak in 
Baird-Parker
N.T. N.T, N.T.
Citrate Utilisation - 4"
Starch Hydrolysis - - - —
Nitrate Reduction + 4" - 4-
Gelatin Hydrolysis - 4* + -
Tween 80 (Lipase) - ‘ 4" - -
MR N.T. N.T. N.T.
VP - N.T, , N.T. N.T.
Gluconate - N.T. N.T. N.T.
ONPG - N.T. N.T. N.T.
Urease + + - -
Key:
N.T.
G
N.G.
Positive.
Negative.
Not tested.
Gas produced.
No growth/did not use substrate for growth.
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Plate 11 Streak Plate of FC1_ grown on NutrJLent Agar 
for 48h
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lililiA physical Methods for Frankia gurifioation
None of the physical methods for Frankia
purification were effective at producing pure Frankia,
{ Table 11.0 ). Serial dilution was effective at
reducing the numbers of FCI, but only by 80% and this
corresponded to a dilution at which Frankia was diluted
out. Temperature shock ( reducing the incubationotemperature to 4 C ) following washing of the cultures
was unsuccessful as was pasteurisation. Pasteurisationotimes of 10 min or more at 65 and 80 C resulted in the
loss of Frankia viability, despite reports that
viability was maintained following incubation for 15omin at 50 and 54 C, ( Lalonde and Calvert, 1979 ).
Purification of Frankiae using Antibiotics
The first step in this target directed
purification was to determine the sensitivity of pure
cultured FCl to various antibiotics. Chloramphenicol,
penicillin G, streptomycin and tetracycline were the
most effective against FCI, { Table 12.0 ).
Frankia purification was therefore attempted by
—  1the addition of penicillin G ( 5 units ml ). This was 
not successful and the titres of FCI were not 
significantly reduced. The reason for this was that the 
shown to be
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Table 11
Physical methods tested for the purification of Frankia strains
% Reduction in FCI
Procedure Frankin’. CpII Frankia CcI3
Temperature Shock
4°C 1 N.V. 1 N.V.
10°C 1 N.V. 1 N.V.
25°C 1 144°C 1 1
Pasteurisation at 65 °C
0 min 1 15 min 1 1
1 0  min 1 N.V. 1 N.V.15 min 1 N.V. 1 N.V.
2 0  min 10 N.V. 8  N.V.
Serial Dilution
lo'J 1 1
1 0 - 1 1 0 1 1
1 0 - 2 15 18
10-3 2 0 28
1 0  4 37 3710-3 43 48
1 0 - 6 59 N.V. 65 N.V. -
1 0  7 78 N.V. 80 N.V.10-3 80 N.V. 80 N.V.
IQ-S 85 N.V. 80 N.V.
1 0 - 1 0 80 N.V. 80 N.V.
....
% Purification = ,lCO-[^ 0 / 0
where A = no, of colonies of FCI following purification 
B “ no. of colonies prior to purification.
N.V. = Frankia.-. non-viable following purification procedure
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pH 8.8. Penicillin is inactivated above pH 7.5,
breaking down to penicillanic acid.
Therefore contaminated Ftankj.a was
subcultured to fresh propionate broth and agar ( pH 6.8
—  1) containing penicillin G ( 50 units ml ), with and 
without nitrogen source. Following incubation, growth
of Frankia on agar was observed to be free from 
contamination by FCI, but there was loss of viability 
of these strains in subsequent subculture, ( Table 13.0 ) 
Successful purification coupled to long term Frankia 
viability was achieved in broth, although this was 
variable. The failure to purify could not be correlated 
with inoculum age, volume or concentration.
No effect on purification was obtained by using 
nitrogen free media, which was assumed to be selective 
for Frankia as it is capable of fixing nitrogen. 
However nitrogen fixing cultures of Frankia excrete 
ammonium into the medium so FCI could obtain sufficient 
nitrogen for growth.
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Table la.
Response of FCI to antibiotics
Antibiotic pg/disc Inhibition Zone (dia. mm)
25°C 44°C
Chloramphenicol 1 0 26.5 2 2 . 0
Erythromycin 1 0 1 2 . 8 15.7
Sulphurazole 1 0 0 - overgrown - overgrown
Penicillin G 1.5 units 19.8 , 23.0
Streptomycin 1 0 26.5 2 2 . 0
Tetracycline 1 0 26.5 23.0
Table 13
Purification of Frankia strains with Penicillin G
% Purification
Strain
Broth Agar
PN+ PN“ PN"^ PN"
CcI3 60 5 100 (N.V.) 100 (N.V.)
Cpil 5 5 100 (N.V.) 100 (N.V.)
N+
N“
N.V.
Penicillin G (50 units) in BFS with NH^NOg, 
Penicillin G (50 units) in BFS no NH^NO^. 
Strain non—viable following purification.
% Purification = (OO - * lOOj
where A - no. of colonies of FCI following purification. 
B = no. of colonies of FCI prior to purification.
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Table 14
Effect of antibiotics on the growth of Frankia CpIl 
in a paper disc assay
Antibiotic pg per Disc Growth Sporangia Formation
Chloramphenicol 1 0 + Yes
Nitrofurantoin 50 +4-4- Yes
Sulphurazole 1 0 0 +++ Yes
Cephaloridine 5 — -
Fusidic Acid 1 0 — -
Lincomycin 2 -
Novabiocin 5 ++ Yes
Methicillin ID ++ Yes
Penicillin G 1 .5 units Yes
Ampicillin 2 +++ Yes
Tetracycline IQ +++ Yes
Erythromycin 50 Yes
Oleandomycin 1 0 + Yes
Chloramphenicol 50 + Yes
Sulphurazole 500 Yes
Novabiocin 30 + Yes
Penicillin G 5 units + Yes
Streptomycin 25 ■ — -
Tetracycline 50 +++ Yes
++++++
Confluent growth. 
Semi-confluent growth. 
Discrete colonies.
No growth.
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The response of pure cultures of Frankia to groups
of antibiotics both in liquid ( Figure 4.0 ) and in
solid ( Table 14 ) media was tested. Frankia Cpil was
resistant to chloramphenicol and tetracycline at < 10
—  1pg ml . Resistance to a particular antibiotic was
greater at higher biomass concentrations. Streptomycin
was the most effective antibiotic against Cpil, as it
is against Streptomyces çattleya ( Onadipe, 1986 ). In
contrast S. cattleya was sensitive to chloramphenicol
and tetracycline at equivalent concentrations, whereas
Frankia Cpil was not.
As expected percentage resistance increased with
decreasing antibiotic concentration. Tetracycline and
chloramphenicol were the least effective at inhibiting
—  1Frankça growth at 100 and 10jüg ml , respectively. 
These concentrations were inhibitory to FCI. Therefore 
a potential purification method based on antibiotics at 
concentrations which would be inhibitory to FCI but not 
Frankia was possible.
102
figurg 4,10 B^sponse of Frankia Cpil to Antibiotics in 
Liquid Media
k-1 Fusidic Acid
100
90 -
80 -
70 -
eo -
50 -
40 ~
30 -
20 -
10 -
1C001010
A  50 ug/ml protein
Anb'bicBc Concentration
‘ a  ICO u g / m l  p r o te i n
Streptomycin
100
90 -
80 -
70 -
60 -
SO -
20 -
10 -
•100010 too0 1
A S o  ug /m l protein
Antibiofa'c C oncen trât kinR 100 Lig/ml protein
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4.3
4.5
Bacitracin
100
90 -
80 -
70 -
60 -
ao -
30 -
20 -
10  -
0 1 10 1CC0100
A 50 ug /m ]  protein
L.4
Anh'biaBc CancentrotJana  ICO ug/ml protein
Penicillin G
100
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 -
10010
A 5 0  ug /m l protein
AnBbiab'c Concentration8  100 ug/ml prolan
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4 . 5
4.5
Tetracycline
loo 1*
90 -
80 -
70 -
60 —
60 -
40 -
20 -
10 -
1COO10010o 1
50 ug/ml proi-cin
k.b
AnHbioBc CoFxientroiion
©ICO ug/ml protein
Neomycin
90 -
80 -
70 -
60 -
50
30 -
20 -
10  -
1000100
Æ  SO ug/ml protein Anb'bJob'c Concenlrotion100 ug/ml protein
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4.7
Polymyxin B
100
90 -
80 -
70 -
€0 -
50 -
30 -
20 -
10 -
1000 .10010
& 60 ug/ml protein
AntibiolJc Concentrât Ionat 100 ug/ml prolwn
4.8 Chloramphenicol
100
90 -
80 -
70 -
60 -
50 -
40 —
30 -
20 -
10 -
0 1 10 100 1COO
*  5 0  ug /m l protein AnUbbBc ConcentrationB 100 ug/ml proldn
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Tablel5
Purification of Frankia Cpll using antibiotic cocktails
% Purification
C T T+C PB PG PB+PG Control
CpIl/FCO 98 99 99 98 99 98 5
CpIl/FC-1 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 3
C - Chloramphenicol 100 yg ml
1 0 0  yg mlT - Tetracycline 
PB “ Polymyxin B 
PG “ Penicillin G
-1
-11 0 0  yg ml 1 0 0  yg ml'
.5 . _T-1'CpIl/FCO " Undiluted Cpll (10^ cfu'- ml , undiluted 
PCI (10^ cfu ml 1).
CpIl/FC-1 - Diluted Cpll (10^ cfu'; ml“^), diluted FCI
(1 0 ^ cfu -, ml"l).
% Purification = loo s-lOcQ
where B = no. of colonies of FCI following purification.
A = no. of colonies of FCI prior to purification.
Control - No antibiotic.
107
To test the hypothesis pure Frankj.a Cpll, obtained
from J.G. Torrey, of Harvard University, USA, and Cpll
deliberately contaminated with a titred preparation of
FCI were treated with tetracycline, tetracycline and
chloramphenicol, polymyxin B. penicillin G, polymyxin B“ 1and penicillin G and chloramphenicol at 100 ug ml — 1The Frankia cell concentration was 100 ug ml 
protein. Resistance to the various antibiotics was 
decreased in the presence of FCI compared to the pure 
Frankia alone ( Figures 5.0 & 6.0 ) The 
level of resistance was increased as cell 
concentrations of Frankia Cpll plus FCI were decreased 
tenfold. An apparent contradiction to the previously 
obtained results.
The response of Frankia Cpll to the combinations 
of antibiotics described above was not as predicted by 
Jawetz and Gunnison ( 1952 ). They classed antibiotics 
as bactericidal or bacteristatic. A combination of two 
static antibiotics was postulated to act in the same 
way as the single antibiotics alone; two cidal 
antibiotics would be synergistic and a cidal and a 
static antibiotic would be antagonistic. Consequently 
for Cpll treated with penicillin G and polymyxin B 
{ both cidal ) should have exhibited lower resistance 
than than the individual antibiotics. This did not 
occur. It may be that filamentous organisms have 
altered response to antibiotics compared to eubacteria.
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Figure 5^0 Response of Frankia Cpll to a Mixture of 
Antibiotics in Liquid Culture
Frankia Cpll diiutod by 1 in 10
Antibiotk
.Frankia Cpti (undiluted)
100
so - ,
80 -
70 -  ,
60 -
50 -aK
40 -X
30
20 -
CPB-fPGPGPBT-i-CT
100
SO -  ,
SO
70 -,
60 -I 50 -  ,
30
20 -
10
PB+PGPGPBT+C
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Figure 6.0 Response of Fr^nk^â
Contaminated with FCI to a mixture of Antibiotics in 
higuid Culture
Frankia CpM 4- FC1
25
21 -
22
20
la -
1 +
12 “ V
10 - /
a -/
4 - ,
2 -
CPB+PGFGPBT+CI
Antlbiatk
Frankia CpM +FC1 diluted by 1 in 10
40
35 -
30 -
25 —
20 -,
10
5 -
Cpb+pgPGT+C P BT
AntibioBc
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Table 16#)
Purification of Frankia ArI6 and ArI7 using model procedure 
Sensitivity of contaminant FCIo and FCÏ7 at 10^ and 10^ cfu ml"~^ .
Antibiotic Concn. 
Pg ml"l
FCIÔ PCI 7
10^ cfu ml ^ 10^ cfu ml ^ 10^ cfu ml ^1 10^ cfu ml ^
Chloramphenicol 10
50
> 25.0 > 2.5.0 14.0
>25.0 18.0>25.0
Erythromycin 10
50
21.6
>25.0
2 
> 2.
4.2
5.0
Sulphurazole 100
500
• 0.0 
>25.0
Penicillin c (PQ) 1.5units 
5.0 0.0>25,0
Streptomycin 10
25
0.0 
> 25.0
Tetracycline Ct ) 10
50 0.0 ‘ > 25.0
Novobiocin 30 >25.0
Oleandomycin 10 >25.0
Inh ib i t ion  Z o n e  mm
Assayed on P/CAS with a paper'disc (Multodisc, OXOID) 
Purification on antibiotic amended Agar
Test % Purification
T C PG PB Control
ArI6 100 100 (N.V.) 100 (N.V.) 100 (N.V.) 7
ArI7 100 100 (N.V.) 100 (N.V.) 100 (N.V.) 9
All antibiotics at 100 pg ml  ^ in P/CAS. 
N.V. - Non-viable in sub-culture.
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These results demonstrated that it was
theoretically possible to purify Frankia from FCi using
combinations of tetracycline, chloramphenicol,
—  1
polymyxin B and penicillin G ( 100 Jag ml ). A
—  1cell concentration of Frankia of 50-100 pg ml was 
also necessary for successful purification ( Table 15.0 
). A flow chart of the purification procedure is 
presented in Figure 7.0.
This technique was successfully applied to contaminated 
cultures of Frankia ArI6 and ArI7 ( Table 16.0 ) also 
contaminated with a FCI like organism. Agar containing 
the antibiotic cocktail was used in the clean up method 
to give the added advantage of spatial separation of 
Frankia from the contaminant.
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Figure 7,0
Flow chart of purification procedure ofr contaminated Frankia
Contaminated Culture
Dilute and plate to P/CAS^ 
with multodisc
Determine resistance pattern 
of contaminant(s) and optimum dilution
Check resistance pattern of 
contaminant vs. Frankia'.
Incorporate relevant 
antibiotics into PCAS
Centrifuge, homogenise, plate out 
at relevant dilution/cell concentration
Pick off pure colonies 
and sub-culture
Check purity in broth
 ^ P/CAS - Propionate casamino acids medium, see Table Al
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3.3.1.4 eu1tura1 and ego1og i oa1 Bign ifioanoe of
Organisms Associated wûth Frankia
Strain purity is crucial to the study of any
organism. On initial isolation Frankia strains would 
appear to be contaminated almost without exception.
Considering the low status that this has been accorded
in the literature, most of the physiological and " pure 
culture " in vitro work with Frankia must be
questioned. Indeed it may explain the considerable
strain variation in Frankia, as many of the
differences may be the response of associated organisms 
rather than of Frankia itself. In this study, Frankia 
strains were routinely purity checked and purified if 
necessary. All the strains received from culture
collections were .contaminated and these too were 
purified.
The identification of FCI as a Pseudomonas sp is 
particuarly interesting since Knowlton et aj^  ( 1980 )
and Knowlton and Dawson ( 1983 ) reported enhanced
nodulation and root hair deformation of the host plant 
by Frankia in the presence of Pseudomonas spp; Ps^/ 
cepacia strain 85, being the most effective. ( see 
1.1.3.1).
It is therefore possible that Pseudomanas spp could 
form a mutualistic association with Frankia. They exist 
in close association with the mycelium and could
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perhaps obtain nutrients in the form of fixed nitrogen 
and sloughed off exopolysaccharide from Frankia. In 
addition Pseudomonas spp possess the Entner-Douderoff 
pathway ( Lessie and Phibbs, 1984 ) for carbohydrate 
breakdown and Frankia does not. In this way Pseudomonas 
spp may breakdown sloughed off root exopolysaccharide 
converting it ultimately to excreted organic and fatty 
acids which are utilisable by Frankia. Hence, Frankia 
could exist in a pseudo-saprophytic manner. Further 
detailed research would be necessary using mixed 
cultures to confirm the above hypothesis. The potential 
synergy between Frankia and associative organisms, 
would be an important consideration in large scale 
inoculation programmes aimed at optimising nodulation.
Preservation of Frankia Strains
Of the preservation methods tested, storage in 20%o(w/v) glycerol at -20 C proved to be the most 
effective. This yielded strains that could easily be 
transported as a number of freeze-thaw cycles were 
possible without loss of viability. In the two years of 
the storage study, the viabilty of none of the strains 
was lost, although it was necessary to subculture 
strains from storage at least twice in order for full 
expression of the phenotype. This was in common with
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the study of Fontaine et a^ ( 198& ).
Freeze drying of Frankia cultures was less
successful as several steps were involved in the 
process, not all of which can be carried out completely 
aseptically without a great deal of effort.
Consequently a number of the strains were contaminated
following this procedure. However the un -contaminated 
strains were viable throughout the study. In common 
with the glycerol methods a number of subcultures were 
required for full expression of the phenotype.
It was also important for both of the storage
methods to wash away the storage medium prior to 
incubation in P/CAS medium, as this appeared to 
inhibit successful growth following storage.
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CHAPTER FOUR-
4^0 Preliminary Studies of Media and Cultivation 
Methods for Frank_ia^
4^1 Introduction
Frank_ia the diazotrophic actinomycete from 
actinorhizae is a recently recognised organism with 
potential for use as a symbiont and as a free-living 
organism, ( see preface ). Much research has centred 
on the symbiotic relationship ( Torrey, 197B; Moiroiud 
and Gianinaszi-Pearson, 1984 ), but the microbiology of 
the organism has received scant attention. An 
understanding of the nutrition, growth kinetics and 
physiology of Frankia is therefore an absolute 
necessity for the optimisation of growth and potential 
product formation.
4-1^1 Carbon and Nitrogen Nutrition in Frankia
In nature, actinomycetes are capable of growth on 
a wide variety of substrates and are noted for their 
ability to scavenge trace amounts of nutrients from the 
environment, ( Williams, 1985 ). Therefore appropriate 
screening of carbon and energy sources and other
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nutrients is necessary when optimising the growth of an 
isolate in culture. Early work on the nutrition of 
Frankia mainly used complex media based on yeast 
extract with the addition of a number of vitamins,
( Berry and Torrey, 1979; Lalonde and Calvert, 1979 ) 
Many growth factors were deemed necessary, including 
root lipid extracts ( Quispeland Tak, 1978 ), lecithin
and foetal calf serum ( Lalonde and Calvert, 1979 ). 
It was evident from testing numerous strains that 
Frankia grew relatively slowly on a restricted number 
of media and not at all on the media used for the 
characterisation of other actinomycetes, ( Lechevalier 
and Lechevalier, 1979 ).
In a series of studies Blom et al ( 1980 ) grew
Frankia Avcll on a range of complex media. A Tween 80 -
ammonium medium gave maximum biomass concentration and
a doubling time of 2 days. On a Tween 80 - casamino
acids medium, Frankia utilised the oleate residue of
the Tween, and glutamic and aspartic acids were used
as C and N sources. However, free oleate utilisation
could not be demonstrated, ( Blom et al.,1980 ).
In further studies, Blom ( 1981, 1982 ) showed that in
a test of C -C acids, maximum yield ( as total 2 18organic carbon ) of Avcll was obtained on sodium 
propionate. Complex organic acids were not utlilsed. It 
was also apparent from this and other studies that the 
yield of Frankia was small compared to the amount of 
carbon available in the medium. This was concluded as
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supportive evidence for a growth factor requirement 
The problem with many of the early studies was the low 
biomass concentrations being measured, often at the 
detection limit of the assays. Small increases in the 
protein level of test cultures on a particular 
substrate were considered as sufficient evidence of 
utilisation, even though substrate disappearance was 
not measured. In addition, culturing often took place 
in small volumes of media in test tubes or small 
flasks, where oxygen may well have been limiting.
Shipton and Burggraaf ( 1982b) screened a large
number of carbon and nitrogen sources for Frank^a
growth, observing a similar pattern to that of Blom (
1981, 1982 ). Differences in growth on substrates ■ in
relation to strain was also highlighted. Propionic acid
supported maximum growth and a defined medium based
upon it was developed.
In addition they demonstrated that phosphate at 0.1M
was optimal for growth and trace elements and biotin
stimulated growth. Propionate as well as some other
carbon sources were shown to be inhibitory at
- 1relatively low concentrations ( < 1.0 gl ). It is 
evident, therefore, that as early as 1982 the means for 
growing Frankiae in a defined medium existed, although 
biomass concentration was lower than in complex media. 
Further studies, again using small volume static 
cultures indicated that most strains fitted the pattern
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of poor growth on carbohydrates but optimum growth on 
short chain fatty acids, succinate, pyruvate, acetate 
and Tween 80, ( Lechevalier et al, 198%.; Tisa et al,
1983; Hafeez et al, 1984; Zhang and Torey, 1985b; Zhang 
et al, 1986 ). Lopez et a_l ( 1986 ) showed that some 
carbohydrates, notably trehalose supported growth in 
Franki.a ArI3, resulting in twice as much biomass as
growth on propionate. As these substrates were offered 
at the same molarity in the medium but differed in 
carbon content, biomass concentrations are misleading, 
A calculation based on Yc and substrate utilisation 
would have enabled a more useful comparison.
The strain related differences in carbon nutrition 
were used by Lechevalier et aj, { 1983 ) to group
Frankiae in a similar way to other actinomycetes ( 
Waksman, 196.1 ), Type A strains are faster growing,
utilise and produce acid from a variety of
carbohydrates at a concentration of 0.5% (w/v) and are 
aerobic. Type B strains do not utilise or produce acid 
from carbohydrates and are microaerophi1ic, (
Lechevalier and Lechevalier, 19^ :9 ). An interesting 
parallel can be drawn here with fast and slow growing 
rhizobia which also have differences in carbon 
utilisation. Fast growers have the ability to use a 
variety of carbon subtrates, e.g. organic acids, 
carbohydrates and fatty acids, thes are therefore 
analogous to type A Frankia. Slow growing rhizobia are 
unable to use a number of carbohydrates { Stowers, 1985
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" r
) and are therefore analogous to type B Frankj,a. Indeed
slow growing rhizobia are now classified in a separate
genus, Bradyrhj,zobi,um, ( Jordan, 1982 ) .
However, despite numerous studies on carbon and
nitrogen nutrition it was and is still apparent that
what is quoted as " yield ” ( in reality biomass
—  1concentration, x ) is low ( 100mg protein 1 ) in all
media tested. This therefore gives a true yield factor
i.e, Y , which is also very low. Further limiting x/snutrients and growth factor requirements, such as 
lipids ( Quispel et al, 1983 ) are doubtful
explanations for this poor growth, as results showing 
their use often cannot be repeated or are strain 
dependant, ( Burggraaf, 1984 ) .
In this study some preliminary investigations were 
carried out on medium optimisation, coupled to the 
development of culture methods for the routine 
cultivation of Frankia in vitro.
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4^2 Methods and Materials
Subculture and Maintenance of Frankia
Working cultures of Frankia strains were kept in 
50ml of propionate ammonium chloride medium pH 6.8, in 
conical flasks, or in 10ml of the same medium in 
universal bottles. ( See Table A1 ). Each month the 
cultures were subcultured to fresh medium using the 
techniques described in 4.2.2. A record was kept of the 
parent culture used for inoculation in order that 
contamination or other problems, e.g loss of sporangia 
formation, could be traced and dealt with. This 
approach was adopted because Frankia took a long time 
to grow following long term storage. On subculture the 
strains were checked for purity by spread plating 
dilutions onto P/CAS and nutrient agar. Microscopic 
checks for purity and morphological features were also 
made.
Standardisation of Inpcuia
Inocula for all experiments were grown in 50 ml of
the medium to be used in the experiment in 250 ml
conical flasks with foam bungs as closures. Incubation
was for 14 days or upto a maximum of 21 days, for theoslower growing strains, at 30 C, under static
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conditions. Prior to each experiment, Frankia cells
which usually formed a mycelial mat were pipetted into
two 30ml sterile plastic universals ( Sterilin, UK, Ltd
) and centrifuged in a bench top centrifuge at 3000g
for Smin at room temperature. The supernatant was
discarded, and the cells resuspended in 10mM phosphate
buffer pH 6.8 or 1/4 strength Ringers solution pH 6.8,
and washed by centrifugation twice more. The pellet was
then resuspended in 5.0ml of the same buffer and
aseptically homogenised using a 15 ml ground glass
Potter-Elvejihm tissue homogeniser, for 2 min, or until
no clumps of cells could be observed. The homogenised
biomass was then diluted to 10ml with buffer and 1.0ml
used to inoculate each 50ml of medium. The turbidity
and protein content of the inocula for growth
experiments were standardised to a known amount before— 1inoculation. An initial protein content of 10 jugml 
was sufficient for most flask studies.
4^2^3 Cultivation of Frankia for Growth and Kinetic 
Studies
4.2.3.1 Culture of Frankia In Static Small Volume 
Vessels
Early growth experiments with Frankia to screen 
for carbon source preferences were conducted in 10ml of 
the medium under test in sterile McCartney or
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ouniversal bottles. Incubation was for 28 days at 30 C
4_u2^3_^2 Culture of Frankia In R p H  Tubes
Test tubes ( 150mm x 14mm ) capped with Oxoid
closures were used as roll tubes. After washing in
either 1.0M sodium hydroxide or 1.0M sulphuric acid the
tubes were rinsed in Milli Q water. The tubes were
filled aseptically with 3 or 5m1 of medium after
autoclaving empty. Roll tubes were then placed in the
roller apparatus and rotated at 0.1 rpra for 24h prior
to inoculation in order to coat the surface of the
glass with medium. Following inoculation with 50-500^1
of Frankia the tubes were rolled as above for 14 days oat 30 C,
à^2^3^3 Flask Studies
Static flask studies of Frankia growth were
conducted in 25, 50 or 100ml of medium in 250ml conical
flasks plugged with foam bungs, for 14, 21, or 28 daysoat 30 C. Agitation of flasks for growth experiments 
was at 250 rpm in reciprocal shakers, ( L.H. 
Fermentation, Stoke Poges, Bucks, U.K ). A maximum of 
50ml of medium was used in shake flasks. As Frankia 
biomass concentrations were so low a large sample 
volume was necessary to obtain sufficient material for
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analysis. Therefore a large number of flasks were set 
up for a particular treatment. At timed intervals 
duplicate flasks were destructively sampled, the whole 
culture being used for analysis. Variation between 
flasks was 2-5 % using this procedure.
Culture of Frankia on Agar
Frankia strains, previously homogenised as
detailed in 4.2.1 were spread plated on the surface of
agar plates of P/CAS medium. (Plate 12 ) In order to
assess the number of colony forming units ( cfu ) a
modified Miles and Misra method was used. Homogenised-6Frankia was diluted to 10 in 1/4 strength Ringers.
0.1ml aliquots of each of the dilutions were inoculated
as 5 separate drops onto one half of an agar plate
using an automatic pipette. The other half of the plate
was treated similary ( Plate 13,0 ). The plates wereosealed with parafilm and incubated at 30 C for 14-28 
days.Frankia strains were also streaked onto the 
surface of the agar in the normal manner.
4^2^3^5 Single Colony and Repllça Plating of Frankia
Plate subcultures were made from single Frankia 
colonies by transferring each colony using a sterile 
loop into 0.5ml of 1/4 strength Ringers or 100mM
1 2 5
Plate 12 Spread Plate of Frankia C p H  Grown on P/ÇAS 
medium for 28 days^
Plate 13 Drop Plate Counts of Frankia C p H  Grown on P/ÇAS Medium for 21 days^
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phosphate buffer pH 6.8 in a 2.0ml Potter-Elvejihm 
tissue homogeniser. Each colony was homogenised and 
then spread plated onto agar. For replica platings, 14- 
28 day spread plates of Frankia were inverted and 
pressed firmly onto the surface of a sterile velvet 
stretched over an aluminium stool.
4-2^4 Harvesting of Frankia Biomass
4^2^4_^1 Centrifugal Harvesting
Large volume samples ( 100-250ml ) were decanted
into 300ml centrifuge pots and spun in a 6 x 300mlorotor at 15,000g for 15min at 4 C in a Hi Spin
centrifuge ( Fisons Ltd, UK ).
20ml samples from the fermenter were decanted into 2 x 
15ml sterile platic centrifuge tubes ( Sterilin Ltd, UK 
), 10ml per tube and spun at 3000g in a bench top 
centrifuge ( MSE Instruments Ltd, Fisons , UK ) for 
15min at room temperature.
Large numbers of small volume samples were harvested by
centrifugation in the same 15ml tubes as above in a 12o
X 15ml swing out rotor at 3000g for 15min at 4 C in an
MSE Coolspin centrifuge { Fisons Ltd, UK ).
In all cases the supernatants were decanted and stored oat -18 C for analysis. The pellets were resuspended in 
100mM phosphate buffer pH 6.8 and washed twice by the
127
relevant centrifugation method.
Harvesting by Filtration
A known volume of the culture was filtered through 
a 0.45pm cellulose nitrate membrane ( 47 mm dia. ), 
under negative pressure in a Gallenkamp stainless steel 
filter holder. The filtrate was retained for analysis. 
Biomass was resuspended off the filter using 100mM 
phosphate buffer pH 6.8 and then refiltered twice. If 
dry weights were required, pre weighed filters were 
used and distilled water used to wash the biomass. 
Biomass for later analysis was washed off the filter in 
5.0ml of buffer.
Biomass Extraction and Estimation^
4^2^5^1 Soniçatipn of Bipmass
Washed Frankia cells in a final volume of 5,0ml 
were decanted into a cooled stainless steel jacketed 
sonication vessel , kindly lent by A.J.P
Burggraaf of the University of Bristol. The sample was 
sonicated at 10p, 100W for Imin using a 9.5mm diameter 
probe ( 5.5:1 transformation ratio ) in an MSE
sonicator ( Fisons Ltd, UK ). Previous experiments had 
determined that Imin was the optimum time for
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cell breakage as assayed by protein release, determined 
by a modified Coomassie blue method ( see 4.2.5.2 ).
4^2^5^2 Protein Estimation
Protein was determined by a modification of the
method of Bradford ( 1976 ) and Spector ( 1978 ). 100mg
of Coomassie blue G-250 ( Sigma Chemicals Ltd, Dorset,
UK ) was dissolved in 50ml of 95% (v/v) ethanol. To
this solution 100ml of 85% (w/v) phosphoric acid was
added. This was then diluted to 1 litre with Milli Q
water to give final concentrations of G-250 , 0.01%
(w/v) ethanol, 4.7% (w/v), and Phosphoric acid 8.5%
(w/v) The reagent was filtered through Whatman No 1
filter paper and stored in a dark bottle at room
temperature. It was stable for upto 3 weeks. The assay
was performed by the addition of 3.0ml of reagent to
—  1300pl of sample containing upto 100/igml protein in a
small test tube. The absorbance of the resulting blue
colour was measured after 2min and before Ih, at 595nm,
in 4.5ml plastic cuvettes. Samples were read against a
sample blank in a Beckman double beam spectrophotomter (
Beckman Instruments, Mass. USA ). A standard curve of 
—  10-100pgml Bovine Serum Albumin (BSA) was constructed 
each day.
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4^2^5^3 Dry weight Determinations
Frankia ceils which had been washed three times in
cold Milli Q water by centrifugation were pipetted onto
pre-weighed cellulose nitrate filters ( 0.45pm pore
size, 47mm dia. Whatman Ltd ). The filters were driedoto constant weight at 90 C, over silica gel in a 
drying oven. Prior to weighing the filters were cooled 
over silica gel. To check for leaching from the filters 
a control filter which was wetted with the same volume 
of water as the sample was used. Duplicate filters were 
weighed on a five place balance ( Sartorius Ltd ).
4^2_^5_^4 Turbj.dj.ty Determinations
The turbidity of cell suspensions of Frankj,a was 
determined by measuring the absorbance at 550nra, of 
homogenised samples in a double beam spectrophotometer.
A blank of medium or distilled water was used, 
depending on the experiment.
4^2^6 Analysis of Culture Supernatants
Propionic Acid
Propionic acid content was determined by gas 
chromatography at the analytical laboratories of ICI,
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Jealotts Hill Research station. Samples were assayed on
a Pye Unicam gas chromatograph ( G.C ), ( Pye Unicam
Ltd, UK ), fitted with a flame ionisation detector,
using a 2m X 2mm ( i.d ) glass column packed with
Chromosorb 101. The oven temperature of the G.C was o o190 C , the detector temperature was 218 C and the
—  1nitrogen carrier gas flow rate was 25mlmin
4_î.2_^ 6_^ 2 Determination of Total Polysaccharide in 
Bipmass and Supernatants
The phenol sulphuric acid method of Herbert et al 
( 1976 ) was used.
4^2^6^3 Assay of Glucose
Glucose was assayed by a modification of the
method' described by  ^ . . Hurst et
al ( 1976 ). The colour reagent was prepared by mixing
5.0ml of each of the following solutions; sodium
sulphite ( 1.0M ); calcium chloride ( 0.2M ); trisodium
citrate ( 0.4M ) ; sodium hydroxide ( 6.0M ). 1.0g of
p-hydroxybenzoic acid hydrazide ( Sigma Chemicals Ltd )
was dissolved in the above reagent which was then
diluted to 100ml in a volumetric flask. To each assay
—  1tube 0.6ml of sample containing 0-100pgml glucose was 
added. Colour reagent ( 5.0ml ) was then added with
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mixing. Tubes were capped and placed in boiling water
bath for 10min, and then cooled in cold water. A set of
glucose standards and a sample blank were prepared at
the same time. A yellow colour indicated the presence
of glucose. The absorbance of the samples and standards
was read against a sample blank at 420nm in a a double
beam spectrophotometer. A linear response to glucose
was obtained upto absorbances of 1.8 units. The assay
- 1can detect < 5.0pgml glucose which is considerably 
more sensitive than the glucose oxidase or phenol 
sulphuric method.
4^2^6^4 Assay of Alpha-Keto Acids
The colour reagent was prepared by dissolving 0.1g
of 2,4 dinitrophenyl hydrazine ( Sigma Chemicals, Ltd )
in 100ml of 2M HCl. This was filtered if necessary and ostored at 4 C in a dark bottle. A set of standards
—  1covering the range 0-24)jg pyruvate ml ( 30.4 mg
—  1sodium pyruvate 1 ). To 3.0ml of sample, 1.0ml of the
colour reagent was added with mixing. Sample blanks and 
standards were treated similary. To detect pyruvate 
only, the assay was incubated for Smin at room 
temperature. For total keto acids ( ketoglutarate and 
oxaloacetate ) the incubation time was increased to 25 
min. After incubation 5.0ml of 2.5M sodium hydroxide 
was added. After 10min the absorbance of the samples 
and standards was read at 450nm in a double beam
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spectrophotometer
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4^3 Resuj.ts and Discussion
4.3.1 Screening for Suitable Carbon and Nitrogen 
Sources for Frankia
Preliminary studies were undertaken to determine
suitable carbon and nitrogen sources for Frankpa growth
and the most appropriate Frankia strain to use for
further experiments on growth physiology and kinetics.
The growth of four Frankpa strains, MgI3,AgI3,AgI4
and AVcIl was tested on a range of substrates in the
presence and absence of combined nitrogen. ( Table 17
I,II ). It was evident that all the strains grew poorly
with low biomass ( as protein ) concentrations (
—  1maximum,35.0 mgl ).
There was considerable strain variability in the 
ability to grow on a substrate and the biomass 
attained. No distinct pattern emerged for a particular 
strain on a single substrate.
No further studies with the above strains were 
undertaken because of their generally poor growth.
Franki.a strain HFPCpIl was used in a study into growth 
on a limited range of substrates together with the 
effect of agitation and surfactant. In common with the 
previous study results were variable ( Table 17,III,IV 
) .
Table 17 Summary of Carbon and Nitrogen Source Screening For Frankia Strains
Trial No. Protein Yield (Biomass) mg/1
C .source MgI3 AVcIl Agi 3 AgI4 CpIl
I-no nitrogen
Sorbitol 4.S+/-0.4 0 ND 1.6+7-0.2 NIMannitol 9.S+/-0.7 2 . 3 + 7 - 0 . 2 25.7+7-1.8 3.3+7-0.4 NIGlucose ND 0 a . 2 + 7 - 1 . 0 35.3+7-1.6 NITrehalose ND ND ND ND NIPyruvate 13.2+/-1.0 0 11.2+71.2 10.3+7-0.9 NI
II-0.75G/L Ammonium Nitrate
Sorbitol 3.2+7-0.2 1.3+7-0.3 3.9+7-0.4 9.3+7-0.8 NIMannitol 2.S+/-0.5 2.3+7—0-2 ND 2 . 3 + 7 - 0 . 1 NIGlucose ND 2.3+7-0.2 ND ND NITrehalose ND ND ND ND NIPyruvate ND 2.3+7—0.2 ND ND NI
Cpil ONLY
III-2.5g/l Yeast Extract
Static Surf. Agit. Surf.& Agit.
Trehalose 172.S+/-15.0 NA 212.5+7-17.0 177.2+7-14.3Mannitol 113.6+/-9.8 137.3+7-14.1 127.23+7-9.5 92.1+7-8.3Pyruvate 77.8+7-9.2 114.4+7-12.0 93.4+7-3.1 80.1+7-10.5Glucose 31.3+7-5.7 32.2+7-7.5 34.4+7—2.1 36.0+/ —2 .1
IV-0.30 Ammonium Chloride
Trehalose 32.2+7-5.2 56.7+7-4.1 24.5+7-3.1 7.72+7-1 .1Mannitol 34.2+7-3.1 46.5+7-7.2 29.1+7-2.1 9 . 2 + 7 - 0 . 7 1jPyruvate 12.0+/—1.1 16.2+7-2.1 ND ND 1Glucose 0 0 0 0
Basal Medium was BFS pH 7.0 iStandard Deviations were the means of four replicates assayed twice NÏ- Not included in the experiment ND- Not determinedCarbon Sources were at 1.0 g/1 in the medium No nitrogen = no combined nitrogen in the medium
Maximum biomass, as protein was achieved by Cpil on
trehalose-yeast extract medium, and was increased by 
agitation but not significantly by both agitation and 
surfactants. Trehalose utilisation was unaffected by 
these treatments ( data not shown ).
Glucose was the poorest substrate tested, with growth 
only occuring in the presence of yeast extract. This 
was probably due to growth on the yeast extract as 
glucose disappearance from the medium could not be
detected ( data not shown ). Where the addition of
Tween 80 increased biomass concentration this increase
was over and above its possible contribution as a 
carbon source.
Biomass concentrations were reduced when strains were 
grown on ammonium chloride, compared to yeast extract. 
This is most likely due to a combination of (i) yeast 
extract acting as a carbon and nitrogen source and, 
(ii) more energy being required to synthesise amino 
acids from ammonium-N than to transport the preferred 
amino acid and use it directly. (Gottschalk, 1987)
Problems Associated with Carbon and Nitrogen 
Source Screening
Despite numerous reports of carbon and nitrogen source 
screening of Frankia strains, it is difficult to come 
to any overall conclusion on the suitability of any
carbon source over another. This is due in part to the 
experimental design, the choice of substrates and the 
wide variability amongst the strains used.
Most studies have used static small volume cultures ( 
Blom, 1982; Shipton and Burggraaf, 1982 ; Lopez et aj.,1986 
). Such techniques are valid to obtain preliminary 
data on growth on substrates, but over-interpretation 
of the data should be avoided.
It is important to use controls with the substrate 
under test omitted for inoculum carry over and 
autotrophy.
The technique used to measure biomass is also
important, dry weight being considered unreliable below
50 mg ( Pirt,1976 ). In this study, growth was measured
as the increase in cellular protein. Fluctuations
throughout in cellular protein the batch cycle ( see
Chapter 6 ) can be minimised by harvesting the
cultures at a standard time. Protein was considered
more appropriate compared to DNA analysis because of— 1its greater sensitivity, typically lug ml (— 1Bradford,1976 ) as opposed to 10ug ml for DNA
(Herbert et aj,, 1976 ). In addition most other workers 
have used protein measurement for Frankia growth, so 
some comparisons of data could be made.
In common with other studies on Frenk^a growth, a 
number of Frankia strains were used. Interpretation of 
the data must take account of the difference in carbon
i3f
utilisation patterns between strains. Lechevalier and 
Lechevalier (1983) classified Frankia strains into 
groups on the basis of carbohydrate utilisation. Most 
of the strains used in this study ( CpI1,AVcIl,AgI4,) 
would be cassified into type B ,ie non carbohydrate 
utilisers. However this was not generally the case as 
some strains were able to grow on trehalose for 
example. ( Table 17 ).
In conclusion, it was evident that Frankia CpIl was the 
most suitable strain for further study in terms of 
yield and ease of handling.
As Cpil does not utilise most carbohydrates ( with the 
exception of trehalose in the presence of yeast 
extract) media based on propionate and ammonium 
chloride were adopted. Many workers ( Shipton and 
Burggraaf , 1982a ; Akkermans et al, 1983-, Murry et al, 1984 
) had successfully used such media for other type B 
Frankia strains.( Table 18 ).
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TABLE 20
Comparison of Various Defined Media Based on Prooionic Acid
Used for Growing Frankia
Component C 0 N C E N T R A T I O N (gl-i)
"SB" Medium "A" Medium BAP Medium
CaClz.BHzO 0 . 1 0 . 1 0 . 0 1
MgSOt.THzO 0 . 2 0 . 2 1 .025
0 . 1 0 . 1 0 . 2 7
K^HPOj 1 . 0 1 . 0 0.59
NazHzPO^.ZHiO 0.67 0.067
B i o b m 0 . 0 0 2 0 . 0 0 2 0.0005
.FeNaEDTA 0 . 0 1 0 . 0 1 0 . 0 1
Micronutrients BT AA Tj
Propionic Acid 0.45 -
Sodium Propionate - 0.5 0.48
KHgPO^ ' 0.95
BT
AA
Tj
"8 B" medium 
"A" medium 
BAP
Baker and Torrey (1979)
Allen and Aron (1955) 
Tjepken>get al (1980)
Shipton and Burggraaf (1982) 
Akkerrrians et al (1983)
Murry et al (1984)
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4.3.5 Preliminary Investigations of Frankia Growth
Ammonium Nitrate Mineral Sal.ts Medium
Growth in Static Batch Culture
The growth of Franki_a strains HFP Cpil and HFP
CcI3 was investigated on the SB medium, which was
modified slightly by the use of ammonium nitrate ( 0.36 
-1gl ) as no data was available on the nitrogen
preferences of Franki_a. Results ( Figure 8.0 ), showed
that CpIl had a faster^growth rate than CcI3 but that
both showed a marked decline phase after 168h. This is
common with other actinomycetes { see 6.3 ). Biomass
concentrations were low which might have been due to
growth limiting conditions apart from the medium, e.g
oxygen limitation. Cultivation of Frankia in 1 litre
flasks with 500ml of medium showed an increase in
biomass concentration compared to studies by other
invesigators in small volume vessels such as test
tubes. ( Shipton and Burggraaf, 1982b). This suggests
that some of their data may have been obtained under
oxygen limited conditions. Tisa et aj. ( 1983 ) also
grew F^ank^a under similar conditions to those in this
—  1study with comparable results ( 50 mgl protein • after 
20 days ). Initial observations were therefore 
inconsistent with the consensus of opinion that Frankia 
is a microaerophi le ( Lechevalier et al^ , 1983; 
Burggraaf, 1984 ) since elevated biomass concentrations
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Figure 8.0 Batch Culture Growth Patterns of Frankia Q2I.1. and CcI3 on Progi^onate Ammoni^um Nitrate Medium
Cpïl S CcI3 Qxwth CLTVæ100
E
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were apparent- under increased oxygenation in this 
study.
Growth _in Stirred Batch Gul.ture
In simple continousljstirred 1 litre flasks
( see methods ), Cpil exhibited mycelial growth within
the medium and attached to the wire baffles . The
attached Franki^a showed profuse sporangia and a dense
mycelium, in contrast to unattached Frankj.a. A highly
refractile layer, possibly polysaccharide, surrounded
the attached mycelium. After 120h biomass concentration — 1was 190 mgl . It was clear therefore that stirring 
the vessel improved the biomass concentration of 
Frank_ia considerably compared to stationary culture. No 
comparisons could be made with previous studies of 
Frankia as no workers have published work on agitated 
culture systems
Attachment of Frankia CelI.s to Soj.id Surfaces
Frankj.a cells were tested for their ability to 
attach and grow on a variety of surfaces as a novel 
method of cultivation, e.g for product formation. 
Initial work was carried out with Cpil and CcI3 in 
5.0ml of medium in roll tubes. The strains grew well 
( Table 5.Q. I ) but only as a thin layer around the base
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of the tube. (Plate 14 ) The optimum inoculum
concentration for growth and cell attachment was 20 %
(v/v) for Cpil and 4% (v/v) upwards for CcI3. The
optimum medium volume for attachment and growth was
3.0ml per tube ( Table 2 . 0 . ) .  Subsequent work
—  1
demonstrated that the addition of protein as 50 jigml 
bovine serum albumin ( BSA ) to the medium was 
beneficial in terms of attachment of the cells.
The effect of pre-washing the tubes with acid or 
alkali was also investigated ( Table 20.3 )■ After 72h
of incubation alkali washed tubes were more suitable 
than acid washed tubes for the attachment of cells, and 
after 21 days attachment to alkali washed tubes 
remained greater than that of acid washed tubes. The 
yield per tube measured as protein ( taking into 
account the BSA in the medium ) was however greater in 
the acid washed tubes.
Microscopic examination of the attached cells showed 
large amounts of phase bright material surrounding the 
hyphae, similar to that detected in earlier 
experiments of attached cells in fermemters ( see 
4.3.4.2 ). This was thought to be extracellular
polysaccharide or " slime " possibly involved in the 
adhesion process. Attached cells also had numerous 
intercalary sporangia.
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Tab le 20. V
Effect of inoculum, concentration on gro^ 'Tt'h and surface 
attachement in glass roll tubes by Frankia Cpil and CcI3
Inoculum Concn. % 
v/v Growth Attachment
Cpil CcI3 Cpil CcI3
1.0 40 80 0 0
2.0 80 20 0 0
4.0 80 100 20 60
10.0 60 100 . 0 20
20.0 100 100 60 40
 ^ Growth assessed visually after 7 days. Percentage 
number of tubes showing growth was scored.
 ^ Assessed by turning tube through 90° and observing 
detachment if any of the cells.
Medium was 2.5 gl  ^Y.E. in BPS pH 7.0.
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Table
Effect of medimn volumetygrovrfch. and surface attachment in 
glass roll tubes by Frankia CcI3
Medium Volume (ml) Growth Attachment
2.0 98.0 40.0
3,0 100.0 70.0
4.0 100.0 5 0 . 0
. 5.0 100.0 40.0
 ^ Growth assessed visually after 7 days. Percentage 
number of tubes showing growth was scored.
 ^Assessed by turning tube through 90® and 
observing detachment of the cells.
TableZO.3
Effect of pre-washing glass roll tubes with acid or alkali
and addition of 50 pg ml  ^BSA to the growth medium n 
growth and attachment of Frankig . CcI3
Condition Growth Attachment yg prote. tube
3d 21d 3d 21d
Acid Wash 100.0 100.0 60.0 55.0 N.D.
Alkali Wash 100.0 100,0 72.5 70.0 N.D.
Acid Wash +■ BSA 100.0 81.3 65,0 31.3 31.69
Alkali Wash t BSA 100.0 100.0 86.0 73.3 11.62
N.D. - Not determined.
Acid wash was l.OM H^SO^, 18 hjalkali wash l.OM NaOH, 15 h.
 ^ Growth assessed visually after 7 days. Percent of tubes 
showing growth was scored.
 ^Assessed by turning tube through 90° and observing 
detachment of the cells.
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Plate 14 Growth of Frankia C£l_l_ i^ n G^ass Ro^^ %ubgs^the Homass has been Stained w^th Mehhy^ene Blue
I
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Diatomaceous crystalline powder used in call 
immobilisation for antioiotic production ( e.g 
thienamycin by Streptpmyces cattleya ) and glass beads 
of different diameters was also investigated. No 
attachment was observed, irrespective of the media 
used. Attachment to ceiiite is apparently pH dependent, 
being optimum at pH 7.0.
Increase in the pH of Frankia cultures due to ammonium- 
N leakage from biomass might cause detachment of 
already attached cells or prevent attachment.
1 5 4
Gpowth of Frankia on Agar
The supposed microaerophi1ic nature of Frankda 
meant that few workers had attempted to grow it on the 
surface of agar plates. Despite the fact that most 
isolations had been carried out on agar these were 
mainly in the form of pour plates. The ability of both 
Frankÿa CcI3 and Cpil to grow on agar was observed by 
chance on the propionate ammonium chloride medium used 
for purity checks. Plates kept for long peroids were 
perceived to have small discrete colonies just below 
the surface of the agar. Mo aerial mycelium was 
observed. Microscopicaly the colonies had the typical " 
starfish " shape of Frankia on isolation plates. Large 
multiiocular sporangia were also noted.
A more detailed study using a medium containing 
propionate and casamino acids ( P/CAS ), demonstrated 
that Frankia could be spread plated, streaked and 
droplet plated . ' ,, ( see Plates
10.8 & 11.0 ). Morphological differences between
colonies were noted, and were classified into two 
categories. Type C, were compact and heavily 
sporangiate, whereas Type D showed a more diffuse 
growth, initially with only intercalary sporangia. 
Although C types developed first D morphotypes formed 
90% of the colonies on plates. However, with time type 
D developed true sporangia and became indistinguishable 
from type C, suggesting Chat they were one and the
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same. To investigate this further, single colonies of
each type were subcultured onto fresh medium yielding
—  11335 colonies ml from a single parent colony. This
: a large number of spores with a high
viability and the correct germination conditions. 
Normand and Lalonde ( 1986 ) reported spore germination 
rates of only 5-10 %. Irrespective of the type of 
colony used as parent, both type C and D colonies 
developed on the plates. A second approach using 
replica plating also gave a similar result.
The data suggested that C and D types occur
spontaneously because of the heterogeneity of the
inoculum, which is composed of fragmented hyphae and 
spores. The fact that type C develop first may indicate 
hyphal outgrowth rather than spore germination. 
Furthermore Frankia strains show great variability 
within a strain. Burggraaf and Valstar ( 1981^ )
obtained clones of isolate LDAgpl which showed altered 
carbon source preference, growth behaviour, pigment 
production, sporulation, nitrogen fixation and
infactivity. This many variations were not observed for 
Cpil in this study. However it has been maintained in 
culture since 1978 and with regular subculture it may 
have lost a certain degree of variability. The
observation of two types of Frankia colony either 
indicates the heterokaryotic nature of the organism, or 
that a great number of variants occur within a single
1 5 6
3'Crai n .
The detection of incercaiary sporangia is also 
interesting as Diem and Dominergues ( 1985 ) reported 
similar structures referred to as reproductive torulose 
hyphae ( RTH ) in Franki_a ORS 821801 . RTH do not appear 
to break open easily but do .give rise to new hyphae 
readily on subculture. These workers also report two 
colony types, one being dense the other small and 
diffuse. RTH were considered to play a major pare in 
the reproduction of Franki_a ORS 021881 . In much the 
same way it is hypothesised that the intercalary 
sporangia of type D colonies play a major role in the 
reproduction or Frankia HFP Cpil. Similar observations 
have been made with Frankia BPH ArI6.
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CHAPTER FIVE
5^0 Nitrogen Metabolism i.n Franki.a
5_^ 1 Introduction
In common with most of the physiological studies
concerning Frankia little work has been reported on the
nitrogen metabolism, with the exception of nitrogen
fixation itself.
Ammonium is the preferred nitrogen source for most
strains tested on a defined medium, but growth has also
been recorded on a variety of amino acids, adenine,
uracil, nitrate, urea, protein hydrolysates and of
course atmospheric nitrogen ( Shipton and Burggraaf,15’1981b 1983; Blom, 1982; Akkermans et ai, 1983 ). N-
ammonium studies demonstrated that ammonium was taken
up by Frankia cells and that yield, or more correctly
biomass concentration was dependent on the
—  1concentration of ammonium. The range 100-500 mgl
NH Cl, giving the best growth. Above this range NH was 4 4shown to be toxic.
The ammonium transport system in Frankia Cpil was14characterised by Mazzuco and Benson ( 1984 ) using C- 
methylamraonium. No ammonium transport system was 
detected in cells grown on 8mM ammonium, indicating 
that transport was by passive diffusion. However,
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Frankiâ does possess a high affinity transport system 
under conditions of nitrogen starvation with a Km ( NH4) of 2.0 ( Benson et al, 1984 ). The system is
active but does not appear to be completely ATP linked. 
Benson et aj. ( 1984 ) argue that some component of the 
proton motive force may be involved. The Km for 
méthylammonium in Frankia is one of the lowest ever 
recorded, except for RhizpMum me^i^oti^ ( Kleiner, 
1985 ). As the Km for an enzyme may reflect the steady 
state substrate concentration ( Cleland, 1970 ) Frankia 
may have the ability to scavenge trace amounts of 
nitrogen from the environment.
• Ammonium assimilation in most free-living and 
nitrogen fixing organisms is by the glutamine 
synthetase / glutamate synthase pathway ( GS / GOGAT ). 
i .e +( NH )4 extracell
^ +( NH )4 intracell
+( NH ) + glutamate + ATP4 in
glutamine + ADP + Pi
Glutamine + 2-oxo-glutarate + NAD(P)H
2 glutamate + NAD(P)
{ Kleiner, 1985 ).
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GS but not GOGAT activity has been reported in 
several Frankiae ( Akkermans et al, 1983; Gauthier, 
1983 ). Unlike the situation in Streptomyces cattleya 
( Streicher and Tyler, 1981 ) GS in Franki^a does not
appear to be regulated by adenylation-deadenylation ( 
Gauthier, 1981 ). However, re-examination of Frankia 
Cpil GS in a later study by Benson et al^  ( 1984 ) using 
2-D-polyacrylamide gel electrophoresis, demonstrated
that it was regulated by adenylation-deadenylation.
Pathways of ammonia assimilation in Frankia will remain 
uncertain until GOGAT or GDH activities can be 
conclusively demonstrated.
5.1.1 Nitrogen Fixation in vitro
Unlike Rhizobium, Frankia spp are capable of 
nitrogen fixation at atmospheric oxygen tensions 
( Tjepkema et a1, 1980; Gauthier et al, 1981; Murry et 
aJL, 1984; Hafeez et aj., 1984; Zhang et a j., 1986 ). In
response to removal of combined nitrogen from cultures 
of Frankia grown in ydtro, terminal swellings termed 
vesicles develop at the tips of the hyphae. Acetylene 
reduction activity ( ARA ) used as an indicator of 
nitrogenase activity correlates with the appearance of 
vesicles ( Tjepkema et a j., 1980; Fontaine et aj., 1984
). Vesicles appear as early as 18-20h following 
nitrogen depletion ( Fontaine et al^, 1984; Zhang et al^ ,
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1986 ). The correlation between vesicle formation and
the onset of nitrogenase activity coupled with 
physiological observations in vivo, led numerous 
workers to postulate the vesicle was the site of 
nitrogenase ( Mian et al, 1976; Mian and Bond, 197®; 
Becking, 1977; Benson et al, 1979; Baker et al^ , 1979;
Tjepkema et al., 1980 ) . Supportive evidence for this
was obtained by Meesters et al { 1985 ) using antisera
against component I and II of the nitrogenase from 
Rhizobium leguminosarum. Greater amounts of component I 
were detected in the vesicle compared to the hyphae of 
Frankia. The' molecular weights of the two components 
were only slightly different ( 58Kd and 34Kd ) to those 
of Rhizobium. In contrast Murry et al ( 1985 ) found 
nitrogenase activity in the absence of vesicles at low 
oxygen tensions, suggesting the possibility of intra- 
hyphal nitrogenase. Meesters ( 1987 ) was unable to 
detect the nitrogenase in the hyphae using immune gold 
labelling when cells were grown on combined nitrogen or 
at low oxygen tensions. Thus the relationship between 
the nitrogenase and the vesicle may be facultative 
rather than obligate , in common with the situation in 
vivo { see 1.0 ), the nitrogenase obtaining a degree
of oxygen protection from the vesicle.
5.1.1.1 Oxygen Protection of Nitrogenase by the 
Vesicle
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The nature of the o x y g e n  protection mechanism for 
nitrogenase in Frankia has received much attention as 
fixation can occur at oxygen concentrations upto 350 
( Murry et al^ , 1984 ) . The vesicle has a laminated 
envelope which is similar to the heterocysts of 
cyanobacteria ( Lalonde and DeVoe, 1976; Lalonde et al,, 
1976; Torrey and Callaham, 1982 ). This layer may 
impede the diffusion of oxygen into the vesicle. 
Further evidence for this was reported by Murry et al.
( 1984, 1985 ). Respiration of Frankia cultures that
lacked vesicles became saturated with oxygen at 
relatively low oxygen tensions, with an apparent Km ( 02) of 1 )iM. At high oxygen tensions a second Km ( O )2was observed for nitrogen fixing cells. The kinetics of 
these phenomena were consistent with the vesicle 
envelope acting as a diffusion barrier. Stowers and 
Steele ( 1986 ) consider that super-oxide dismutase and 
catalase may also confer some protection against oxygen.
5.1.1.2 Vesicle Physiology
Vesicles can be isolated and purified from
Frankia cultures by a variety of techniques ( Tisa and
(MSS')Ensign, 1985; Meesters et al^ ; Noridge and Benson, 1986 
) which have allowed the study of the vesicle itself. 
Isolated vesicles reduce acetylene at reduced oxygen 
tensions, compared to intact preparations, when
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supplied with a carbon and energy source and reductant.
An ATP translocase may also be present ( Tisa and
Ensign, 1985 ). A number of compounds effect both
nitrogenase activity and vesicle formation. Ammonium
chloride at 2-5 mM inhibits nitrogenase activity
( Zhang et al^ , 1986 ) The mere presence of combined
nitrogen represses vesicle formation and can have a
long term damaging effect on vesicle structure (
Fontaine et al, 1984 ). Ammonium would not appear to
be the actual regulator of nitrogenase biosynthesis as
L-methionine-DL-sulfoximine, a glutamate analogue,
allowed synthesis in the presence of NH ( Gauthier,41983 ). GS, GOGAT or a reaction product may therefore
act as regulator. Glutamine synthase ( GS ) is low in
vesicles compared to the hyphae, thus ammonium
assimilation may proceed by uptake of excreted ammonium
using hyphal GS or-a hitherto unknown system ( Noridge
and Benson, 1986 ).
Nitrogenase turnover in frankia is moderately
rapid with t values of 30-40 min. Inactivation of1/2the enzyme is an irreversible event { Baker and Huss-
Danell, 1986 ). Nitrogenase induction is limited by
calcium chloride and magnesium sulphate. Activity is
optimum at pH 6.7 and influenced by the growth stage of
the inoculum; exponential cells being best { Murry et
al^ , 1984 ). Rates of fixation have been calculated for
—  1Frankiae in the range 7-10 nmoles C H mg protein min2 4for ArI3; 8 nmoles C H mg protein min*’' for CcI3; 8-112 4
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— 1nmoles C H  mg protein min for Ccl.17 { Murry et al, 2 41984; Zhang et a1, 1986; Meesters et a1, 1985 ).
Although the doubling time and lag phase are increased
for Franki^a cultures grown on atmospheric nitrogen,
compared to combined nitrogen the ARA is sufficient to
account for the observed protein in the culture. ThisIShas been further confirmed by N incorporation ( 
Torrey 1981 ). The efficiency of fixation has
not however been determined.
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ËlË Methods and Materials
5.2.1 General
Methods for the cultivation and assay of biomass 
accretion were the same as detailed in section 4.2.
5^2^2 Culture of Franki.a for Dénitrification Studies
Prior to the experiment the gas volume of 150mm x 12mm
pyrex test tubes was determined by weight following
complete air displacement by water. This was equivalent
to 29.8 ml gas volume including the closure. After
autoclaving the tubes were filled with yeast extract-
glucose-medium ( see Table Al ) containing 6mM KNO .3After inoculation 1.0ml of sterile liquid paraffin was
added to the surface of the medium to maintain
anaerobic conditions. The tubes were then sealed with a
vacutainer and 1% (v/v) of the headspace gas removed
and replaced with the same volume of acetylene using a
CSte S .I 5 .0  ogas tight syringe. Incubation was at 30 C for upto 60
days. The liquid paraffin was removed from the medium
before assaying the protein in the culture.
500ml conical flasks completely filled with BFS
medium ( to give microaerophi1ic conditions )
containing either sodium nitrate , ammonium nitrate or
ammonium chloride as nitrogen source, were also used
for denitrification studies. Flasks were sampled using
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the method further described in section 6.2, except.
that, the volume of culture removed was replaced by
sterile nitrogen gas via a septum. Aerobic controls
for the denitrification studies were achieved in i
litre flasks filled with 500ml of medium. Sampling was
as previously described, but. without the nitrogenoflushing. Incubation was at 30 C for upto 60 days. 
S^.2^3 Biomass Extraction and Assays
e.jLe-^ Ehl Kiedahl Digestion of Biomass and Supernatants 
for Determination of Total Hltrpgen
Kjedahl digestion was carried out using concentrated
H SO and Kjeltabs Auto ( Thomson and Copper, Runcorn, 2 4Cheshire, UK ), the organic nitrogen being converted to 
ammonium. All glassware was acid washed with IM HCl 
prior to use as many detergents have nitrogen 
containing compounds present, which can effect the 
assay.
For large digestion samples { in excess of 100mg 
dry weight ) i tablet was used per 4.0ml of acid. For 
smaller samples of dried cells or supernatants { c 25mg 
) 0.378 g of crushed tablet were used per ml of acid. 
Sample and Kjeltab were placed in 130mm x 14mm pyrex 
tubes and 1.0ml of concentrated sulphuric acid added. 
The tubes were then placed in a cold heating block and 
heated to 200 C on a hot plate ( this took about i .25h
1 6 6
during which time white fumes appeared ). When theotemperature was 200 G the heating was increased to o318 C and the samples refluxed for a further Ih. At 
the end of the time the digested samples were removed 
from the hotplate and allowed to cool. A slight green 
colour due to the selenium was apparent after refluxing 
but this disappeared on cooling. When the samples had 
cooled they were diluted to 25.0ml in a volumetric 
flask. An ammonium assay was then performed.
155^2^3^2 N Tracer Experiments
It was important to avoid the contamination of14samples during incubation and assay by N, e.g from 
the atmosphere and water used in media preparation. 
Consequently all .glassware was acid washed in IM HCl 
prior to use. Water used for media was also checked for 
ammonium-N, nitrate-N and nitrite-N. The cellulose
nitrate filters used for harvesting and dry weight 
determinations were washed with distilled water and the
level of extractable N determined. None was detected.
IM H SO traps were placed in the incubator to check 2 4for atmospheric ammonia contamination, assayed by the 
salicylate method ( see 5.2.4.1 ). Following incubation 
of the test cultures, the flasks were harvested by 
filtration ( see 4.2 ). Half the washed sample was used 
for a dry weight determination, the other was freeze
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dried, as was the spent medium as detailed in 6.2. The
freeze dried biomass was weighed and digested by the
Kjedahl method. A small sub-sample was taken from the
digest for ammonium determination. The digested sample
in concentrated H SO was divided into two and placed2 4in 1.5ml glass sample vials, capped and sealed.15Assay of N in the sample was carried out at
ICI, Jealotts Hill Research Station. The sample was
diluted to 1.0ml with 0.05M HCl, the total N being
determined by a 1500 ANA Carlo-Erber nitrogen analyser.15 14Isotopic ratios N: N were determined on a V.G.
Instruments Micromass 622, mass spectrometer coupled to 
the nitrogen analyser. Samples of spent and original 
medium were also assayed to enable a full nitrogen 
balance to be constructed.
§^2^4 Assay of Culture Supernatants
5^2^4^1 Ammpnium-N
Ammonium-N was assayed by a modification of the 
salicylate method ( Searcy et a^, 1966, '' ; Reardon,
1966 ). Salicylate reagent was made by dissolving 8.5 g 
of sodium salicylate ( BDH Chemicals Ltd ) in 99.0ml of 
distilled water. 1.0ml of a 6g / 100ml stock solution 
of sodium nitroprusside ( Sigma Chemicaks Ltd ) was 
then added to give a final concentration in the reagent
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of 50. 0nig/100ml. " Fichlor " reagent was made by
dissolving 2.5 g of sodium dichloroisocyanurate { BDH
Chemicals Ltd ) in 1 litre of 1.0M NaOH. This was keptoin the dark at 4 C and was stable for upto 1 month.
The assay was performed by adding 250 pi of
appropriately diluted sample to 2.0ml of salicylate
reagent, followed by 2.0ml of Fichlor reagent. A
—  1standard curve of 0-25 pg N ml as ammonium sulphate
and a sample blank were tested similary. Assay tubesowere capped and incubated at 30 C for 30 min. 5.0ml of
distilled water was then added with mixing and the
green colour read at 660nm in a double beam
spectrophotometer against a sample blank. It was found
that addition of the water to the warm assay mixture
caused convection currents which made mixing difficult.oWater was therefore warmed to 30 C before use.
The original paper by Reardon et al. ( 1966 ) used
the procedure for determining urea in blood and claimed
that there was no interference from amino acids. However
- 1in this study high concentrations ( 10 mgml ) of
especially asparagine, glutamate and proline were found
to increase the apparent ammonium-N level by 2-7 pg N {
—  1NH ) ml Tryptophan and cystine decreased the4 — 1apparent concentrationby 5-10 pg N ( NH ) ml . Of4other 21 amino acids tested only valine and alanine
—  1showed any effect ( 0.2 p g  N NH4 ml increase ).
However these concentrations of amino acids would not 
normally be encountered in spent culture broths.
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N^trate-N
Methods currently available for the determination 
of nitrate directly tend to suffer from a lack of 
sensitivity, interference and high instability of the 
chromogen.
Consequently nitrate was determined as nitrite 
following its reduction by copperised cadmium.
( Nydahl, 1976 )
5^2^4^2^^ Packing and Use of the Cadmium Column
Granular cadmium of imm particle sise ( Merck Ltd
) was washed with 2M HCl and rinsed with distilled
water. The cadmium was coated with copper by shaking in
a conical flask with 2 x 30ml of 2% (w/v) CuSO . The4coated cadmium should be dark grey as opposed to the
silver of the native metal. The column ( a 10ml glass
pipette ) had a small piece of glass wool in the
bottom, beneath about 1 cm of 2.5mm cadmium ( Johnson
Matthey Chemicals Ltd ) as bed support. The column was
fitted with a 3 way tap and a 21 G needle to give a
—  1flow rate of 2.0ml min . A slurry of the coated
granular cadmium was then poured onto the colunm via a
plastic funnel heat annealed to the top. The efficiency
of the column for NO   NO reduction was3 2
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determined each run by passing both nitrate and nitrite
standards down the column. A fresh column was prepared
if the efficiency fell below 90%. To prevent cadmium
hydroxide build up on the column during storage 0.5 M
Tris-HCl buffer was added. 0,5 M H SO was used to wash2 4the column before use.
Batch determination of nitrate was carried out by
adding 4.5 ml of 0.49 M NH Cl and 1.5 ml of 0.6M sodium4tetraborate to each 15 ml of sample or standard ( 0-3
—  1pg NO -N ml ). The 21ml sample was added to the top 3of the column and the first 15 ml collected was 
discarded. The next 6.0 ml was collected and the liquid 
run down to the top of the cotton wool at the top of 
the column. The next sample was then added. The nitrite 
in the sample prior to and following cadmium reduction 
was determined using the sulphanilamide method, ( see 
5 . 2 . 4 . 3 )
5.2.4.3 Nitrite-N
Nitrite-N was determined using the sulphanilamide 
method ( Davison and Woof, 1978 ).
5.2.5 Gas analysis
S^Z^S^l Determination of N O2
Denitrification was determined by measuring the
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accumulation of N O  in the presence of 1% (v/v)2acetylene. The N o was assayed by gas chromatography,2Gas samples were removed from the cultivation vessels
using a 1.0 ml syringe and an 18 G needle, and injected,
via a 0.5 ml sample loop, onto a 6' x 7/8’’ stainless
steel column packed with Porapak Q, in a Pye Unicam PU
4500 Gas chromatograph fitted with a thermal
conductivity detector. A pre-column of molecular sieve
type 4A was used to prevent condensation on the column.
The injector, oven and detector temperatures were 60, o55 and 150 C respectively. The flow rate of the
—  1helium carrier gas was 16 ml min . The gas
chromatograph was connected to a DP88 computing
integrator ( Pye Unicam Ltd ) and recorder.
Identification of the gases N 0 and CO and O was2 2 2 achieved from their relative retention times with
respect to standard gases ( Phase Separations Ltd ).
The concentration of the gases in a sample was
determined using the formula:
C = Area sample x [concentration of
1 iArea calibration gas calibration gas]i ■
Where "i" was the value from the integrator.
Areas were calculated by an integrator.( Pye Unicam )
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Acetylene Reduction Measurements
Acetylene reduction activity was determined as 
described in section 3.2.
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5_^3 Results and Discussion
Dei 1 isat._ion of Ammonium and ill trace by £rankj,a
Statjc Culture Growth Patterns on Propionate 
Ammonium Nitrate Hedlum
Patterns of nitrogen utilisation had not been
recorded previously for Frankla. Without such data it
is difficult to fully characterise batch culture
growth. Measurements of nitrogen disappearance from a
static batch culture of Cp>ll were therefore made.
Ammonium and nitrate disappeared in parallel ( Figure
9.G ). The rates of assimilation were rapid during the
- 1 - 1first 120 h of growth { 0.26 jUg NH -N ml h and 0.35 
—  1 —  1 4pg NO -M ml h respectively ). This corresponded to
the principal biomass accretion phase. In the late
biomass accretion phase the rate of nitrogen
disappearance decreased. Calculations indicated that, if
both the ammonium and nitrate were co-utilised the
nitrogen content of the biomass would be 40 % (w/w).
Analysis of the cell nitrogen by Kjedahl gave a more
realistic figure of 10 % (w/w). This was more
consistent with the utilisation of either NH or NO ,4 3rather than both.
Ammonium is the preferred nitrogen source for most 
microorganisms as it is less expensive to utilise in
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Figure 9.0 Dissapearance of Ammonium and Nitrate from 
Static Cultures of Frankia Coll Grown on Propionate 
Ammonium Nitrate Medium
s;
Time (h)
NOg-N -D
e  © NOg-N
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energy terms than nitrate \ Brown, 1980 ),
The fate of the nitrate was in question.
Utilisation of the nitrate as a terminal electron
acceptor in the absence of oxygen was one possibility,
i.e nitrate respiration ( Knowles, 1982 ). It was
envisaged that oxygen could have become depleted as a
result of anaerobic microenvironments in the broth
caused by dense mycelial mats formed in late biomass
accretion phase. This would have led to the formation
of nitrite as an intermediate. Certainly nitrite did
accumulate in late biomass accretion phase, but the
—  1amount ( 0.5 /ig NO -N ml ) could not account for the
disappearance of the nitrate. A further possibility
would be complete dissimilation to N gas, i.e true2denitrification, in which case the nitrate would not be 
detectable. Anaerobic and facultatively anaerobic 
bacteria of a wide range of genera are capable of 
denitrification to a greater or lesser extent, 
resulting in the formation of the gaseous oxides of 
nitrogen ( MO, N O ) and some further reduction to 
dinitrogen { Tied je, 1981j Knowles, 1982 ). It was 
evident that growth was not nitrogen limited as 
nitrogen remained at the end of the growth phase.
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5.3. 1.2 Star .le Culture Growth Patterns on Sodium 
Nitrate, Ammonium Chloride and Ammonium Nitrate.
To clarify observations of co-disappearance of NH4and WO , Pranh^a Cpil was grown in propionate 3medium supplemented with either sodium nitrate,
ammonium chloride or ammonium nitrate under
microaerophi1ic and aerobic conditions are shown in
Figures 10 and 11 .
Under microaerophi1ic conditions apparent
exponential growth was achieved on both sodium nitrate
and ammonium nitrate. Final biomass concentrations and
doubling times were reduced compared to previous
incubations ( see 5.3.1.1 ). Aerobic cultivation of
CpIi resulted in growth on sodium nitrate and ammonium
chloride, biomass concentration being only 50 ug 
—  1protein ml . Nitrate disappearance ( as NaNO ) could3only be detected under microaerophilic conditions. The
-1amount, utilised ( 17.3 jug NO -N ml ) was more than
enough to account for tne observed biomass as protein i
—  1 —  1 50ug protein mi is equivalent to 8 )jg W ml ) .
- 1However, only 0.5 |ig NO -N ml accumulated in the2supernatant. Thus a significant amount of the nitrate 
did not appear as nitrite. Furthermore, no nitrate 
disappearance could be demonstrated from ammonium 
nitrate, and the observed protein concentrations at the 
end of the incubation should have been accompanied by 
nitrogen disappearance figures of between 4.48 and 8.8
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Figure- 10 PÊÎ'Î’ÊI'Bë 2EI1 Grown on
Ammoni.um Mutrate^ Sodium Nitrate and Ammonium Chloride 
Under Microaerophilic Conditions
m
144 240192
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Figure 11 Growth Patterns of Frankia CpIl Grown on 
Nitrate and Ammonium Chloride Under Aerobic 
Conditions
c‘S
0
240192144
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-© NaNO^ NKCI At 4
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— 1N ml . This can only be explained if a low level of 
nitrogen fixation occurred, or more likely, the 
difficulty of measuring such a small decrease against a 
large background concentration.
The results suggest that nitrate was being used as a 
nitrogen source rather then an electron acceptor in 
denitrification.
155.3.1.3 The Use of N in the Determination of F ankia
Nitrogen Metabolism.
To further elucidate the nitrogen metabolism of15Frankia, CpIl was grown in the presence of N
labelled ammonium chloride, potassium nitrate and15 14 15ammonium nitrate ( N H NO ). The N labelling4 3patterns of the biomass indicated ( Table 21 ) that
Frankia could utilise both ammonium and nitrate-N, but 
not at the same time. This is explained by the fact 
that the level of the label in the biomass was the same 
on ammonium chloride as it was on ammonium nitrate. If 
nitrate was being incorporated the label would be 
diluted out. Ammonium-N was used in preference to 
nitrate-N- From the nitrogen balance ( Table 21 ) it
was\ evident that considerable amounts of the initial N 
source could not be accounted for either in the 
supernatant or in the biomass, particuarly in cells
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TABLE 2
NITROGEN BALANCE FOR FRANKIA G P U GROWN ON AND
Nitrogen Balance
Nitrogen Source
I5 NH4 CI
Suoernatant
Initial N: Total ( g) 3100.00
5.26
3100.00
7.65 1550.0'5.9:
Final N: Total mineral ( g) 
%1^N
2308.25
4.36
1968.75
2.03
864.OC 
4.3(
Amount derived from initial 
N-source ( g) 1913.3 522.43 624.4C
Additional N ( g) 394.95 1446.32 239.6C
Amount of initial N source 
disappeared ( g) 1186.75 2577.57 926.OC
Biomass
Dry weight ( g) 
%N 10660.006.51
3430.00
11.34
5080.OC 
11.11
Total N ( g) 639.45
4,24
389.10
4.29
564.31
4,13
Amount N derived from initial* 
N-source ( g) 558.98 218.20 391.69
Additional N ( g) 133.59 170.04 173.56
Total Additional N ( g) 528.54 1616.36 413.16
Initial N source unaccounted 
for ( g) 627.8 2359.40 534.00
Basal medium was BFS (see Table Al), Strains were grown for 21 days 
Values are the mean of 5 replicates assayed in duplicate.
at 30 C.
1. The ammonium-N component 
calculation as the ^ ^ 0 3  
Cpil.
of only was included in the 
component was shown not be utilised by Frankia
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grown on porassium nitrate. This reinforced other data 
( see 5.3.1 } where nitrogen disappearance could not be 
accounted for. Furthermore a significant quantity of 
additional nitrogen derived from sources other than 
the label was observed, especially when Cpil was grown 
on potassium nitrate. This may indicate that nitrogen 
fixation was taking place with concurrent leakage of 
the combined In’ into the medium. Nitrate may therefore 
be a less effective repressor of nitrogen fixation than 
ammonium.
However this may not explain all the additional 14 14nitrogen. N dilution from sources other than N ,
could have occurred during incubation of the test
samples. Control baths of acid in the incubator were
used to check for ammonium in the atmosphere but when
assayed were negative for nitrate, nitrite and
ammonium-N. Ail the blanks were also negative. The only 14route for N dilution was during the cell washing 
process using cellulose nitrate filters. These were 
washed prior to use and the N- level of the washings 
determined but this was also negligible.
It was interesting that ammonium-N incorporation 
into biomass when presented as ammonium chloride and 
ammonium nitrate were not similar { 559 pg versus 392 
). Unlabelled nitrate-N was not included in the 
calculation as none was utilised, therefore the 
descrepancy must have occured due to dilution by
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uniabelled material. In common with prior experiments, 
comparing the initial nitrogen in the medium with that 
remaining in the culture supernatant and biomass did 
not demonstrate aTn exact balance. The use of labelled 
nitrogen sources indicated that co-utilisation of the 
ammonium-N and nitrate-N in amminium nitrate was 
unlikely in Franki_a Cpil.
The Investigation of Dénitrification by Frankia
To obtain as complete as possible understanding of 
the nitrogen metabolism of Frankia, the organism was 
tested for its abilty to denitrify. The recognised 
sequence of dénitrification is;
NO - ►  NO NO N O N
( Payne, 1981 ). Not all of the intermediates occur
freely during denitrification. In rhizobia,
accumulation of nitrite is very variable ( Zablowics et
ai, 1978; :. -, ; Daniel et ai, 1982 }.
Testing for dénitrification was carried out using
the acetylene inhibition method ( Kaspar and Tiedje,
I960 ;. Acetylene inhibits the formation of N from N O2 2by nitrous oxide reductase, so if denitrification
occurs N 0 accumulates, and can be detected by gas 2chromatography. Despite numerous attempts and
exhaustive replications no N O was detected. In
addition significant disappearance of nitrate or
appearance of nitrite from the culture supernatants
could not be detected. However, biomass concentrations
-1 - Iof only 30 jug protein ml represent only 4.8 jug N ml
This is a small proportion of the initial nitrogen— 1in the medium î. 73 jpg, MO -N ml ) and is therefore 
difficult to measure accurately.
It would seem that laboratory cultured Frankia Cpil 
is unable to denitrify. Myroid and Li ( 1986 ) were also 
unable to demonstrate denitrification by Frankia 
strains from Al_nus. The ability of actinomycetes to 
denitrify is uncertain, although some Streptomycetes 
are capable of nitrate respiration. However many 
nitrogen fixing organisms, especially Rhizobium spp and 
Azosp^rgl^um are capable of denitrification ( O ’Hara 
and 1985 ,i . Dénitrification would be
advantageous to Franki_a in the free living state, as 
many of the environments where actinorhizal plants are 
found are anaerobic, e.g river banks, sphagnum bogs and 
lake shores. Repeatea laboratory culture of Frankia, 
especially Cpil has led to improved growth rate over 
the wild type which may have resulted in the loss of 
the ability to denitrify, particuarly if this were 
plasmid coded. In rhizobia denitrification is more 
prevalent amongst the slow growing strains v Daniel et 
al, 1982 ).If soil inoculation w i t h Frank i. a bee a m e w i d e s p r e s d
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then the dénitrification ability of the symbiont and 
free-living organism would need to be assessed. O'Hara and 
4)ci«hd- I 198^ ) estimated that, nitrogen loss could occur 
from field soils as a result, of denitrification by 
rhizobia. In addition. in a truly futile cycle 
rhizobia and some other diazotroohs are also capable 
of simultaneous release of nitrogen by denitrification 
and its fixation.
The remaining problem was that of nitrite accumulation 
in culture supernatants of FrankLa grown on ammonium 
nitrate { see 5.3.1.1 ).
A possible explanation would be denitrification 
by an associated organism. Certainly in the early work 
described with Frank j,a, strains showed some 
contamination, although purification procedures 
developed in this study (. see 3,3 ) were adopted 
immediately and have overcome this problem. The close 
association of another organism e.g FCl with the 
mycelium, coupled with its ability to reduce nitrate may 
have been responsible for the apparent co-disappearance 
of nitrate and ammonium in earlier Frankia batch 
cultures. These observations may reinforce the possible 
mutual istic relationship between Franki.a and FCl 
postulated in section 3.3
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5^3^3 The bffeet of Carbon to Nitregen Ratios on 
Crowth of Cpil in Batch Culture on Propionate
The effect of nitrogen concentration on growth of 
Cpil was investigated. Nitrogen as ammonium chloride 
was varied in concentration from 37.5 to 1875 jjg NK -M
—  1 4ml . These values corresponded to C;N ratios of
between 10:1 and 0.2:1.
Dry weight was independent of C:N ratio over the
range of C:N ratios of 2:1 to 10:1 (Table 22 .) . The
amount of nitrogen disappearing from the medium
decreased as C;M ratio increased, this correlated witn
an increase in the N content of the biomass, which
passed through a maximum at a C:N ratio of 8:1. The
values for nitrogen disappearance from the medium were
very high compared witn the amount of nitrogen in the
biomass. On the basis of Kjedahl determinations of the
nitrogen content of the biomass the expected loss from
—  1the medium would have been 2-6 N ml . This points 
to possible errors in the measurement of dry weight. 
Acidification of the sample prior to the Kjedahl 
analysis should have limited any possible loss of
ammonium by this route. Outgassing of ammonia during
incubation was also a possibility particuarly as
spent culture media were often > pH 7.0.
1 8 6
Table 22
Effect of CarbonzNitrogen Ratio on Frankia Growth 
Ratios 2:1 to 10:1
C : N RATIO
2 : 1 3:1 4:1 6 :1 8 : 1 1 0 : 1
Initial Nygml"^ 187.50 124.00 93.75 62.5 46.88 37.5
Final Npnil“^ 96.83 57.62 40.46 24.3 19.24 4.93
Amount of initial 
N source 
disappeared 
pgml 90.67 66.38 53.29 3 8 . 2 27.64 32.57
Biomss 
( pgml 124.2 140.2 133.2 8 2 . 8 157.4 146.4
% N in biomass 3 . 2 1 5.91 6.42 4.86 9.52 6 . 2 1
Expected amount 
of N in the 
biomass 6 . 0 1 7.33 6 . 0 1 3.04 4.46 2.33
Expected Amount of nitrogen in the biomass was calculated from the %N value determined by Kjedahl, and assuming all the N is incorporated into the biomass.
187
For C :N ratios of 0.2:1 to 1:1 . biomass
concentration increased with increased C :N ratio i 
Table 23 }. Dry weights were low however compared to 
the 1 : 1 to 10:1 C;M ratios. This was strongly 
indicative of ammonium toxicity.
There was no obvious trend in nitrogen loss from tne 
medium and in common with C:N ratios of 2:1 to 10:1, 
much of the nitrogen that had disappeared from the the 
medium was not accounted for in the biomass.
As sample preparation errors were not thought to be a 
problem , nitrogen loss from the medium must have been 
either by outgassing or by incorporation into a 
nitrogenous product. Certainly Franki,a supernatants 
show Ü . V  absorption at 260 to 275 nm which is the 
range for amino acids. Wheeler et al ( 1984 ;
demonstrated indole-3-acetic acid ( lAA ) production
l4in Frankia by C labelling of tryptophan. Nitrogenous
compounds can therefore be produced by Frankia and may
explain the unaccounted for nitrogen. The inabilty to
account for all the nitrogen was in agreement with the 15 N balances.
In conclusion the optimum C:N ratio for Frankia 
growth is in the range 1:1 to 4:1.
1 8 8
Table 23
Effect of Carbon to Nitrogen Ratio on Frankia Growth 
Ratios 0.2:1 to 1:1
CARBON : NITROGEN RATIO
0 .2 : 1 0.3:1 0.4:1 0 .6 : 1 0 .8 : 1 1 :1
Initital
Nygml 1875.0 1240.0 937.5 6 2 5 . 0 468.8 375.0
Final Nygml 1750 967.2 850.2 599.4 400.0 362.7
Amount of initial N 
source dis­
appeared 
pgml-i 1 2 5 . 0 2 7 2 . 8 8i7.3 25.6 ( # . 8 12.3
Biomass dry weight 
( ygml ”* ^ ) 0 . 0 2 . 0 6 9.24 13.24 33.5 2 1 0
%N in
biomass
(Kjedahl)
0 . 0 NO 38.42 43.8 5 . 2 2 1.52
Expected 
amount of 
N in the 
biomass 
yg“^NmI
0 . 0 360.19 273.75 24.47 5.73
NA = Not assayed
^ = Data not available
Expected Amount of nitrogen in the biomass was calculated from the %KI9\8alue determined by Kjedahl, assuming all the N is incorporated into the biomass.
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The effect of maintaining C;N ratios constant at 
3;i while increasing the ammonium-M concentration was 
also investigated ( Table 24 ) .Biomass concentration 
decreased with increasing ammonium-N concentration 
Indicating ammonium toxicity. Propionate disappearance 
decreased concomitantly. It was also possible that the 
observed decrease in biomass was due to propionate 
toxicity. In later experiments it was shown that
propionate was inhibitory to Frankia growth above 0.47 
—  1gl , thus decrease in biomass could have been due to
ammonium and / or propionate toxicity. In this
experiment, most of the nitrogen removed from the
medium could be accounted for in the biomass.
Hypothetical product formation may therefore be
inhibited by toxic levels of ammonium or propionate.15Using NH Cl Blom ( 1981 ) demonstrated that4biomass concentration of Frankia Avcll was dependent on
the ammonium-N concentration. The optimum nitrogen
- 1concentrations ( 26 to 130 ^ g  NH -N ml ) are similar4to values obtained in this study. Blom ( 1981 ) also
observed ammonium toxicity above the optimum level.- In
—  1
this study toxicity was evident above 350jLig N ml In 
addition he reported that the amount of ammonium-N 
taken up by Frankia was small compared to that
available in the medium, although no data was
presented. This conflicts with an earlier report (
Blom pi oil 980 ) where ammonium utilisation was 94.5% of
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Table 24
Effect of Varying the Ammonium Concentrate at Constant C;N Ratio on the Grp-wth
of Frankia
MEDIUM CONCENTRATION
IX 2X 3X 4X 5X
initi .al Sodium 
Propionate (ygrnl” ^ 1 0 0 0 2 0 0 0 3 0 0 0 4000 4000
Initi al N(NHjpgmI-*' 124:0 248:0 372:0 496:0 620
Final N(N%4 )ygmI-i 99.2 196.0 319.02 442.8 534.3
Amount of initial 
N source
disappeared mg mL“ ^ 24.8 53.4 50.8 47.2 85.7
Biomass Dry weight 
( mgml  ^) 73.6 34.56 31. 6 47.8 3.4
% N in biomass 
(Kjedahl) 8 . 8 NA 16.3 8 . 2 57.7
Amount of initial 
propionate disappeared 
mgmL^i 160.5 34.0 42.0 7 6 . 0 50.0
Expected amount of ^  
N in biomass mgNmL^^ 10.91 - 60.64 40.67 353.4
NA
1
Data not available 
Not assayed
Standard BAP medium was prepared
Accordingly to maintain the C:N ratio at 3:1 Sodium
propionate was increased
Expected Amount of nitrogen in the biomass was calculated from the %M value determined by Kjedahl, and assuming all the N is incorporated into the biomass..
that, available in the medium. In further contrast, 
Shipton and Burggraaf ( 1982b ) measured biomass
concentration as a function of ammonium chloride 
concentration, but no positive correlation was 
observed. Calculations based on data from other 
investigators indicate that Frankia can grow at C:N 
ratios of 1:1 to 20:1 ( Shipton and Burggraaf, 1982b); 
4:1 to 21:1 ( Blom, 1981 ) and 3.5:1 to 5:1 ( Lamont et
al, 1985 ). On the basis of this study the optimal C:N
ratio was in the range 1:1 to 10:1. Data from CHNO 
analysis { see 5.3.4 ) yielded biomass C:N ratios of 
7:1 for cells grown on combined nitrogen compared to 
20:1 for nitrogen fixing cells
5^3^4 Estimatj,pn of the Efficiency of Nitrogen Fixation 
by Frankia spp
Information on nitrogen fixation by Frankia is
well documented ( Tjepkema et al, 1980; Gauthier et ai,
1981; Murry et ai, 1984; Torrey  ^ , 1981 ). It can
occur in vitro on a number of carbon sources although 
biomass concentrations are lower than for non nitrogen 
fixing cultures. This is evidence for the higher energy 
cost of'nitrogen fixation.
In this study^ a number of Frankia strains were 
tested for their ability to fix atmospheric nitrogen as 
determined by ARA and Kjedahl nitrogen determination.
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ARA activity was linear over a 70h period
for cultures of HFP CcI3 and BPH ArlT. A 20h lag was 
also observed before the onset of ARA due to oxygen 
shock during washing of the cultures. To estimate the 
efficiency of nitrogen fixation CHNO analysis of 
ETâ&klâ biomass cultivated in atmospheric nitrogen on 
two different substrates was used. ( Table 25 ).
ELEMENTAL ANALYSIS OF FRANKIA C P U  BIOFIASS 
GROWN ON ATMOSPHERIC NITROGEN
3. Source Dry Weight C, Source Elemental Analysis (%)2 Biomass-N
(l.Ogl-1) (mgl“^)^ Utilisedmgjd
G H N 0
Trehalose 34.0 477.5 34.6 6.96 2.01 45.67 0.683
Propionate 63.5 1 0 0 0 . 0 48.61 7.43 4.06 36.88 2.578
 ^Dry weight determined on duplicate samples on membrane filters 
incubated for 21 days at 30 G.
' Ash Free percentages.
Cultures
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Elemental analysis of Frank la biomass indicat ed
that low amounts of nitrogen were incorporated into
nitrogen fixing cells ( Table 25 ). Torrey - ( 198115) were only able to demonstrate 3,15% N enrichment of15fixing cells of HFPCpIl using 25% N gas. This2 15demonstrates the difficulty of carrying out N
experiments, as unlabelled nitrogen from the inoculu m 
and the atmosphere dilute out the label.
The efficiency of fixation obtained for Cpil was 
—  15.0 mg N g Carbon. ( Table 26 ). This is near the
bottom end of the range of efficiencies obtained for
—  1other nitrogen fixers e.g 8.1-23.5 mg N g C for
—  1Azotobacter vlneiandil; 22-65 mg N g C for
—  1Cprynebacterium autptrp&hlcum and 3.6-3.8 mg N g C 
for Klebsiella sp.(. Hill and Postgate, 1818 ). The low 
nitrogen content of the biomass of nitrogen fixing 
cells compared to non-fixing cells was to be expected, 
as most of the carbon utilised generates ATP for 
nitrogen fixation rather than incorporation into 
biomass. The nitrogen contents of most nitrogen fixing 
cells are in the range 5-8% which is consistent with 
the 2-4% obtained for CpIl in this study.
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Table 20
Efficiency of carbbn utilisation and nitrogen fixation by Frank!a 
Cpil grown in atmospheric nitrogen
Carbon
Source
Carbon 
Utilised 
(mg 1"1)
Carbon 
Incorporated 
into Biomass mg 
(mg biomass"^)
% N  of Biomass
Efficiency of 
Fixation 
(mgMc“^)
Trehalose 18.15 11.76 2.01 4.0
Propionate 49 ' 30.86 4.06 5.0
5_^ 3j,4^1 Elemental Analysis of Nitrogen Fixing Frankia 
Ge_l 1.S
Calculation of the molecular formulae and 
reductance values of Frankia biomass under nitrogen 
fixing conditions was compared to cells grown on 
combined N ( Table 27 ). Erickson et al ( 1979 )
defined the degree of reductance ( gamma ) of mass 
balance component as the number of available electrons
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TABLE
MOLECULAR FORMULAE AND REDUCTANCE VALUES OF FRAHKIA C P U
Growth Condition Molecular Formula Reductance
Trehalose (#2 ) CH2 .4 B 0 .O5 O1 .O 4.25
Propionate (N2 ) CB1 .8 M0 .0 7 O0 . 5 6 4.23
Propionate ( M 4 ) CBl.8 Mo.i4 Oo.67 4.07
ReswUtS of clup\ tco.be Cultures QSSajeet tVv duplicate'
in one-g-atom. High values for reductance are- 
indicative of a less oxidised biomass. Nitrogen 
fixation requires considerable reducing power ( 
Postgate, 19BÜ ) which would be consistent with a less 
oxidised biomass and a higher reductance value. Gamma
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oxidised biomass and a higher reductance value. Gamma 
values for most microorganisms are in the range 3.9 to 
4.5 { Bushell and Fryday, 1983 ). In accordance with
the hypothesis, nitrogen fixing cells of Frankia showed 
elevated gamma values compared to non-fixing cells, 
this was particuarli' pronounced for cells grown on 
propionate. This may be due to the uncoupling action of 
propionate ( Pirt, 1975 ) which could lead to carbon 
limitation. Intracellular carbohydrate,e.g trehalose 
may then be used resulting in an elevation of the gamma 
value. Similar values for this phenomenon have not 
been found in the literature for Frankj,a or other 
diazotrophs. Efficiencies of carbon utilisation into 
biomass were comparable with data obtained from other 
organisms, 64% of the trehalose carbon utilised and 62% 
of the propionate carbon utilised being incorporated 
into biomass ( Table 26 ). The loss of carbon
is assumed to be due to respiration.
§^3^5 The Effect of Yeast Extract on Nitrogen Fixation 
âüÉ Substrate Utilisation by Frankia Grown in Static 
and Agitated Culture
Frankia Cpil grew well on yeast extract at 2.5 to -15.0 gl ( see 4.3 ). This was therefore an ideal 
medium for production of large amounts of biomass for 
inoculation trials. However, nitrogen fixing cells 
might be required. Hence the effect of yeast extract
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concentration on fixation was investigated= organic
nitrogen sources such as yeast extract are usually less
efficient at repressing nitrogen fixation than n h  .4This is because repression of nitrogen fixation occurs
via NH , and organic nitrogen sources must be first 4
broken down to NH before they can exert their effect.4Frankia Cpil was grown on a range of yeast extract
concentrations with pyruvate as carbon source and
either cultivated under static conditions or shaken.
- 1Maximum yield { Y x/s ) was obtained on 2.5 gl yeast
extract ( Table 28 ) No correlation was found between
increase in dry weight and increase in yeast extract
concentration. In some cases yield for shaken cultures
was lower than that of the static cultures, which
conflicts with data previously obtained ( see 4.3 ), As
an exact comparison cannot be made for equivalent“ 1concentrations of yeast extract ( 2 . 5  gl ), this 
result remains unexplainable.
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Table 28
Effect of the concentration of yeast extract and aeration 
on growth, yield, nitrogen fixation (acetylene reduction activity) 
and substrate utilisation of Frankia Cpil in batch culture
Yeast
Extract
(gi“7
% N Dry weight
(mg
Pyruvate 
(mg 1"^)
Y */s ARA Activity
n moles St2 2^-t pg Biomass h
Static
0.1 6.2 162.0 930 2.31 1.29
0.5 25.0 66.0 960 1.65 108.18
1.0 66.0 30.0 900 0.30 0.0
2.5 8.8 456.0 870 3.50 0.42
5.0 3.0 108.0 840 0.68 12.49
Shaken
0.1 13.2 76.0 1000 0 0.46
0.5 N.D. 66.0 950 1.32 0.0
1.0 16.0 124.0 910 1.38 0.0
2.5 N.D. N.D. N.D. N.D. N.D.
5.0 N.D. 10 880 0.08 20.23
N.D. : Not determined.
Initial pyruvate 1000 rag 1
Total N assayed by Kjedhal.
Y = rag biomass______rag pyruvate consumed *
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utilisation of pyruvate increased with increase in
yeast extract concentration. Yeast extract may just
facilitate growth per se, or enhance pyruvate uptake,
possibly by providing enzyme co-factors, e.g biotin.
ARA which is indicative of nitrogen fixation potential
was detected in all the static cultures except for 1.0 
—  1 -1gl yeast extract. ARA was also observed at 5.0 gl
yeast extract which was surprising. This would seem to
suggest that organic compounds are less repressive to
nitrogen fixation than ammonium. Comparable data are
—  1difficult to find, certainly 0.1 gl yeast extract
does not inhibit fixation in Azospirillum ( G.
Lethbridge, pers. comm. 1987 ),
Sprent ( 1976 ) has suggested that C:N ratio,
rather than absolute nitrogen level regulates nitrogen
fixation, i.e. if the C:N ratio is high then nitrogen
fixation may take place because the level of nitrogen
is less relative to the carbon level. The yeast extract
used ( Lab M Salford, Lancs, UK ) was 9.8-10.5 % total
nitrogen and 4.8-5.2 % amino nitrogen ( kindly analysed
by Lab M ) so a high C:N ratio is possible if the
remaining components are carbon containing. Data on the
effect of nitrogen source concentration on nitogen
fixation ( ARA )by Frankia is sparse. Gauthier et al (-i1981 ) reported ARA up to 100 jig ml of a number of
organic nitrogen sources. inorganic nitrogen sources
—  1over the range 28-280 pg N ml of nitrate and ammonium
were very effective at supressing ARA. In contrast
BhizoMum strains are capable of fixation at ammonium
—  1concentrations of 40 mM ( 560 jug N ml ) , ( Kidiaer ,
1985 ). In this study ARA was observed over the range
—  19.5-475 pg N ml ( as yeast extract ) . The results
suggest considerable strain to strain variation in the 
réponse of fixation to combined nitrogen. This may be 
due to the effects of combined N on vesicle formation. 
For example Gauthier { 1983 ) demonstrated that a 
complex medium containing yeast extract and peptone 
vesicle production was not inhibited neither was ARA. 
This is in agreement with observations in this study.
ARA rates for the cultures in this investigation 
indicated a less active nitrogenase at the high yeast
extract concentrations, 12.49 nmoles C H mg biomass h 1 2 4-1against 426 nmoles C H mg protein min for CcI3 on2 4pyruvate nitrogen, free medium ( Zhang et al., 1986 ).
There was a high degree of variation in the results for 
ARA possibly because of differences in vesicle 
formation between cultures.
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Summary of Nitrogen Hetabolism in Frankia
(i) Frankia strains were capable of growth on 
both ammonium-N and nitrate-N, but ammonium-N was used 
preferentially.
lii) Evidence obtained from both acetylene 15inhibtion and N studies showed that Frankia Cpil, 
ArI6 and ArIT were unable to denitrify.
(iii) Biomass grown on combined-N had a nitrogen 
content of 8-10% compared to 2-4% on atmospheric
nitrogen.
(iv) The efficiency of nitrogen fixation , 
expressed as mg N fixed per g C utilised was within the 
range quoted for other symbiotic diazotrophs j,n 
vitro.
(v) C;N ratios in the range 1:1 to 8:1 were 
optimum for Frankia growth. At a constant C;N ratio
ammonium-N was shown to be toxic at elevated
concentrations ( above 350 jag n ml ).
(vi) Growth and biomass concentration were 
considerably improved on organic nitrogen sources, e.g 
yeast extract and casamino acids.
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” 1
(vil) Yeast extract upto 5.0 gl did not suppress 
nitrogen fixation ( ARA ) in either agitated or static 
cultures when pyruvate was the carbon source.
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CHAPTER SIX
6_^ 0 Physÿo^ogy and Growth Klnetj.cs of Franki.a j.n 
yi.tro
6.1 Introduction
In contrast to the in vi.yo physiology, which has 
mainly been concerned with nitrogen fixation, j.n vitro 
physiology and growth kinetics of Frankia has received 
little attention. Furthermore studies to date have been 
confined to screening for carbon sources ( see 4.1 ),
or broadly based investigations of growth physiology. 
As outlined previously ( see preface ) a thorough 
understanding of Frankÿa growth kinetics and physiology 
is necessary to enable further growth optimisation.
Growth Klnetÿcs ÿn Batch Culture
Blom et al ( 1980 ) initiated kinetic studies on
Frankia. Strain Avcll grew in batch culture in a
complex medium with a doubling time of about 2 days.
—  1The maximum biomass achieved was 42.5 mg 1 total
organic carbon ( TOC ). This was an improvement upon a
- 1report by Lalonde and Calvert ( 1979 ) of 0.1 mg 1 
for Cpil, grown on a yeast extract medium. In further
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studies Blom ( 1982 ) obtained biomass concentrations 
—  1of 21 mg 1 TOC by growing Frankia on Tween 80 for 20 
days. No doubling times were quoted, but increase in 
biomass ceased after 20 days. Data obtained with 
Frankia strains grown in batch culture on a variety of 
carbon sources indicated that Frankÿa grew very slowly 
without a true exponential phase ( Tisa et al, 1983 ). 
Strains exhibited a protracted stationary phase of upto 60 
days. Few workers have calculated doubling times, 
Burggraaf ( 1984 ) reported that Frankia LDAgpl had a 
logarithmic growth phase with a doubling time of 20h. A 
marked death phase was then apparent after about 120h. 
Murry et al ( 1985 ) grew Frankra ArI3 in stirred batch 
culture with a doubling time of less than 48 h, also 
observing a death and autolysis phase,, which could not 
be prevented by additional carbon source. In contrast
no death / autolysis phase was observed in CcI3 grown
on the same medium ( Zhang et al, 1986 ), doubling time 
being about 24 h.
Most actinomycetes show this phasic growth ( 
Waksman, 196'(. ; Bradley, 1978 ), although the number of 
phases can vary from 3 to 5 ( see 6.3 ). In many of
the growth studies described above, no yields or final 
biomass concentrations were quoted, which makes 
comparison of the growth ' kinetics between strains 
extremely difficult. Re-calculation of the data of 
Murry et al ( 1984 ) demonstrated that the exponential 
phase was accompanied by an increase in biomass
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—  1 - 1  ( measured as protein ) from 50 jig 1 to 500 jug i
This was below the detection limit of the assay used.
Following incubation, the pH of Frankra growth media
was often alkaline ( Murry et al, 1984; Burggraaf, 1984
). This is in common with other actinomycetes
when grown on some media ( Waksman, 1961 ) and may
represent biomass lysis and release of ammonium.
Substrate Inhibition of Growth
Inhibition of bacterial growth by substrate may be
expected when the concentration of a substrate is
increased past a critical level, denoted Scrit.
Substrate inhibition is important in a number of
biotechnological processes, e.g. the acetic acid
fermentation from ethanol, the gluconate fermentation
from glucose ( Yano and Koga, 1969 } and the methane
fermentation from acetic acid ( Graef and Andrews,
1973; McCarty and McKinney, 1961 ), In addition the
inhibition of microorganisms grown on phenol has
received attention, in waste water treatment ( Sokol
and Howell, 1981 )
Burggraaf ( 1984 ) observed a fairly narrow band
of carbon source concentration at which Frankia could
grow, This was especially evident for propionate ( 0.26 
“ 1 —  1 g C 1 equivalent to 0.52 gl propionate ). In
addition maximum respiratory rates of Frankia ArI3 were
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-1obtained on 5,5 mM propionate ( 0.40 gl propionate 
),( Murry et al, 1984 ). This seems to suggest that 
propionate is an inhibitory carbon source. The nature 
of this inhibition could be via respiratory uncoupling 
by propionate or an effect on propionate uptake 
as postulated by Murry et al ( 1984 ).
6.1.3 Carbon Metabolism in Frankia
Little information is available concerning the 
central metabolic pathways of Frankia. Blom and Harkink 
( 1981 } concluded that Frankia Avcll could not utilise 
glucose on the basis of a lack of the glycolytic 
enzymes, hexokinase, pyruvate kinase and pyruvate 
dehydrogenase. Enzymes of fatty acid metabolism were 
present however. For energy generation it was 
postulated that Frankiae could oxidise acetyl Co-A ( 
formed from fatty acids ) in the citric acid cycle. 
Lopez and Torrey ( 1985 ) demonstrated that- the Embden- 
Meyerhof-Parnas ( EMP ) pathway operated in Frankia 
ArI3. This would allow glucose catabolism and conflicts 
with Blom and Harkink ( 1981 ). These differences may 
be due to strain variation. As many Frankia strains 
store carbohydrates as glycogen or trehalose ( Lopez et 
al^ , 1983 ) the EMP pathway would be necessary for their 
catabolism. This is similar to most aerobic 
actinomycetes
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Propionate is a widely used oarbon source amongst 
the Frankiae, stowers et al ( 1986 ) demonstrated that 
proipionate was metabolised via the methylmalonyl 
pathway with the operation of the TCA cycle. The 
activity of the EMP pathway was also confirmed. 
Propionate uptake was shown to be active facilitated by 
an energised membrane state and mediated by sulphydryl 
proteins. However a number of inconsistencies exist 
concerning pathways of intermediary carbon metabolism 
in Frankiae, which may be strain specific,
6.1.4 storage Compounds in Frankia
Trehalose is a common storage product found in 
yeast, fungi, some vascular plants and actinomycetes { 
Elbein, 1967 ). Not surprisingly it has been identified 
in Frankia ( Lopez et aj., 1983 ). The following roles 
have been proposed for trehalose;
(i) in structural events within bacteria { Elbein 
and Mitchell, 1973 )
(ii) as the energy source for actinomycete spore 
germination ( Hay-Ferguson et al, 1973 ),
(iii) in the maintenue of viability of 
actinomycete spores following dessication ( Cruz- 
Martin, 1986 ) and,
(iv) as a reserve carbohydrate ( Birch, 1963 ).
Trehalose levels were inversely correlated with
logarithmic growth rate in Frankia ArI3. maximum levels
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of trehalose were 10% of the cell dry weight. In
nitrogen fixing cells, increase in nitrogenase activity
correlated with a decrease in trehalose levels ( Lopes
et al, 1984 }. It was suggested that nitrogenase
activity might be related to endogenous trehalose
levels. The decrease in internal carbohydrate reserves
of washed and then carbon starved cells corresponded to
an increase in respiration rate. The decrease in
internal carbohydrate concentration could account for
approximately 60% of the CO evolved. The activity of2trehalase in Frankia ArI3 increased with time when 
cells were induced to fix nitrogen ( Lopez and Torrey, 
1985 ), This correlated with a decrease in endogenous 
trehalose. It would appear therefore that trehalose 
catabolism could supply the energy for nitrogen 
fixation in Franki.a. The role of such metabolism in 
non-nitrogen fixing cells is still subject to 
speculation,
6.1.5 Response of Frankia to Environmental Condj.tj^ons
The optimum growth temperature for mostoactinomycetes is in the range 23-37 C ( Waksman, 1961
). Shipton and Burggraaf { 1983 ) investigated the
effect of temperature on growth of Franki^a spp. Noogrowth was observed for any isolate at 13 or 40 C.oOptimum growth was observed at 30 C. It was
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interesting that North American Franki^a isolates could
omaintain growth better at 35 c, compared to European 
isolates. This did not appear to correlate with the 
difference in environmental conditions in the soil 
around the host plant from which the isolates came.
Act i nomycetes, like eubacter i a , exh i b i t growth 
over a broad pH range from acid -, to
alkaline ( Mikami et al., 1986 ). Frau^ÎÊ would appear
to be a neutrophile growing best at between pH 6.5-7.5, 
although an isolate from H^ppophae showed some growth 
at pH 5.6 ( Shipton and Burggraaf, 1983 ).
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6^2^ Methods and Materi^als 
Cultivation Methods
Methods for the routine cultivation of Frankia 
were as described in 4.2.
1 litre cultures of Frankia were grown in 21 
magnetically stirred vessels ( Figure 13 , Plate 15 ).
Aeration was by a diaphragm pump ( Cranwell
Instruments, Brentwood, Essex, UK ). Air was passed
through a sterile ©.2 jam filter ( Micropore Ltd, Fleet,
Hants, UK ) connected to a 5.0 ml pipette immersed in
the medium. Air flow rate was measured using a
—  1precision rotameter and was set at 1.2 1 min . Stir 
rate was set stroboscopically at 275 rpni using a Flash 
Tac Transistorised Stroboscope.
Sampling of ' the vessel used the arrangement 
detailed in Figure 14, which was connected via a T 
piece to the air line. Sampling took place in the 
laminar flow hood. This apparatus proved very 
satisfactory for the routine pure culture of Frankia 
strains. Multiple vessel arrays were often used for 
growth studies , in which case the airflow to each 
vessel was controlled using a manifold made from 
polypropylene aquarium valves. The vessels were 
sterilised by autocalving at 15 psi / 15 min. Some
later growth studies were carried out in 1 litre Schott
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Figure 13 vessel used for Batch culture Growth of
Frankia Strains
_Bung
Sparger
FJea
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Plate 15 vessel used for Batch culture Growth of
Frankia Strains
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Figure 14 sample Port- Design and operation
From V e s s e l
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214
Plate 16 M^d^fled Duran vessej^ for Cultivation of 
Frankia Strains
3 r
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bottles filled with 500 ml of rtiediunu ( Plate 10 ) , The 
lid of the bottle was modified to take 3 stainless 
steel tubes as entry and exit ports. Sampling and other 
conditions were as described above.
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6u2^2 Biomass Extraction Methods and Assays
I^ iï'Ë-ÿiiÿD 2Ë Trehalose and Trehalase
Centrifuged, washed cells of Frankia ( see 4.2 )
were resuspended in 6.0ml of ice-cold 10 mM phosphate 
buffer pH 6.8 by vortexing. The sample was then divided 
into 3 X 2.0 ml fractions. For the extraction of the 
enzyme trehalase one fraction was sonicated for 2 min 
on ice in 15 sec bursts at 10 p, l00w, cooling the 
probe in an ice water bath between each treatment. To 
obtain a cell free preparation the fraction was spun at 
12,000g in a n Eppendorf centrifuge for 10 min. The 
clear supernatant was denoted crude cell enzyme 
fraction ( CCEF ). The CCEF was assayed for protein 
using the Coomasie Blue method ( see 4.3 ) and then 
for the enzyme trehalase as described in 6.2.3.
The second fraction was diluted 1:10 with 70% {
v/v) ethanol and sonicated for l min at 10 p and 100W.oThe fraction was then extracted overnight at 30 C .
Following centrifugation at 3000g in a bench top
centrifuge for 15 min, the supernatant was decanted andoevaporated to dryness at 90 C. The pellet was re­
extracted with 70 % (v/v) ethanol and the supernatants 
pooled and re-dried. The dried extracts were 
resuspended in the minimum volume of distilled water { 
2.0 ml ) and assayed for the presence of trehalose
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using t-he Phenol sulphuric method ( see 4 = 2 )= i a.bs©rbailee, bs-v.^^
K.od ctb i/\ OL cic>iAb\^ spsctropbetoivicPSi'*.
6.2.2.2 Extraction of Nucleic Acids ( RNA and DNA )
The extraction method was modified from that of 
Herbert et a 3^ ( 1976 ) .
To a 1.0-1.5 ml packed cell volume of washed 
cells in a pyrex glass tube, 0.5 ml of ice cold 2.5 M
HClO was added. The tubes were stood in an ice water 4bath with occasional shaking, centrifuged at 5000g for
15 min in a bench top centrifuge and the supernatant
discarded. It was important not to exceed 30 min cold
extraction as RNA hydrolysis can occur. The remainingopellet was extracted at 70 C for 15 min in 4.0 ml of
0.5 M HClO . The extraction was vortexed every 5 min. 4After extraction the cells were centrifuged as above
and the supernatant saved. The extraction was repeated
twice more with 3.0 ml volumes of the acid for 15 min.
The supernatants were pooled and made upto 10 ml if
necessary with the acid. Initially 3 extractions were
carried out , but data showed that 99% of the DNA and
RNA was recovered in the first extraction, so the later
steps were omitted and the final extractant volume
therefore made to 5.0 ml. An internal standard of 50 ug 
—  1ml calf thymus DNA ( Sigma Chemicals Ltd, UK ) was 
used to spike one of the replicate fractions .
DNA in the fractions was assayed by the 
diphenylamine method of Herbert et al, 1976 ) and RNA
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by a modification of the orcinol method ( Herbert et
a l . 197Ô ).
Extraction of Amj.no Acj.ds from Frank^a Biomass
Amino acids were extracted from Frankla cell
pellets by a modified method of Herbert et al^  ( 1976 ).
Frank_ia suspensions were washed in ice cold water and
resuspended to a volume of 2.5 ml in 0.25 M perchloricoacid ( HCIO }. Cells were extracted for 30 min at 0 C 4in an ice water bath. The cells were centrifuged ato5000g for 15 min at 4 c in a bench top centrifuge. The 
supernatants were decanted into 5.0 ml graduated tubes. 
The pellet was re-extracted with 1.0 ml of 0.25 M HClO4as above. The resulting supernatants were pooled and 
brought to pH 5.0 using 1.0 M NaOH and a microtip pH 
probe ( Russel Ltd ). The extract was diluted to 5.0 ml 
with water and assayed for amino acids by the ninhydrin 
method ( Herbert et al, 1976 ).
6.2.2.4 Freeze Drying of Biomass
Biomass for elemental analysis and other 
macromolecular analyses was freeze dried. Cell pellets 
were washed twice by centrifugation, appropriate to the
219
sample volume ( see 4.2 ) in ImM MgCl pH 7.0. The
2resulting pellet was transferred to a vacuum safe
container wrapped in cling film in case of shatteringoand frozen at -18 C for 6-8 h. The sample was dried
using a Chemlab ( Cambridge, England ), freeze drier at o-32 C for 24-48 h. The samples were then weighed and 
stored over silica gel prior to analysis.
Elementaj, AnaJ-ys^s of Biomass Samples
Analysis of carbon ( C ), hydrogen ( H ), oxygen 
( O ) and nitrogen ( N ), were assayed by the 
University of Surrey Microanalysis Unit, using GC-Mass 
spectrometry. Oxygen was independently determined by 
pyrolysis.
Ê^2^2^6 Assay of Trehalase Activity
Trehalase activity in CGEF was assayed by a
modification of the method of Lopez et al ( 1985 ).
The reaction mixture contained ( in a final volume
of 1.0 ml ); 500 jumoles trehalose; 400 timoles sodium
phosphate buffer at pH 7.0 or 5.0 and CCEF upto 400 ^ 1
in volume. Appropriate controls of no substrate and
boiled CCEF were also used. The mixture was incubated ofor 2 h at 33 C in polypropylene microfuge tubes. The 
assay was terminated by boiling for 10 min. Glucose 
released by the enzyme was assayed by the p-
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hydroxybenzoic acid hydrazide method ( see 4.2 ).
Orci_nol_ Method of RNA Determination
The method was that of Herbert et al ( 1976 )
except that 6.0 ml of Mi H i  Q water was used to dilute 
the samples following colour development, instead of n- 
butanol. No detrimental effect on the absorbance or 
colour stability of the assay was observed.
6^2^2jB Assay of Trehalose
The phenol sulphuric method of Herbert et al (
1976 ) with trehalose ( BDH Chemicals, ltd ) standards— 1of 0-100 /ig ml , was used. The glucose in the 
supernatant or extraction was assayed by th® p- 
hydroxybenzoic acid hydrazide method ( see 4.2 )
6.3 Assay of Culture Supernatants
Assay of culture supernatants was as detailed in
4.2 and 5.2.
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6_^ 4 Mutation and Selection Using N-methyl-Nl^nltro-N- 
nitroguanidine ( NTG )
Fourteen day cultures of Frankla Cpil grown on 1.0— 1gl propionate were harvested aseptically and washed
by centrifugation. The cells were divided into sterile
Eppendorf tubes ( 1.5 ml ) and spun at 12000g for 5 min
at room temperature. The supernatant was removed to
leave approximately 0,1 ml pcv. To this an appropriate
amount of 1/4 strength Ringers and NTG was added to
give a final concentration of the mutagen of 0,1,10 and 
—  1100 jQg ml in a volume of 1.0ml. The cells were mixedoand incubated at 37 C for 0, 30, 60, and 120 min.
Treated cells were washed 3 times by centrifugation as
described above and the waste NTG discarded into 0.1 M
HCl. Cells were finally resuspended in 1/4 strengthoRingers and allowed to recover at 30 C for 2 h. After
this time the cells were homogenised ( as 4,3 ) and 0.1
ml aliquots were spread onto 4.0 cm dia. agar plates of
propionate agar containing filter sterilsed propionate
—  1at 0, 0.47, 1.0, 2.0, 3.0, 4.0, 4.47, and 5.0 gl . Theoplates were incubated at 30 C for 7 days after which 
time the colonies were counted.
Mutants were selected from the plates by a random 
number method. A 5mm grid with numbered sectors was 
overlaid onto the plate. A random number generator was 
used to select sectors from which colonies were
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then picked off and subcultured into the same 
concentration of propionate. They were then allowed to 
grow up before designating them as true mutants.
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Frank^a Cpll was exclusively used for all the 
growth studies as it was faster growing and higher 
yielding than the strains received from other culture 
collections or isolated in this project, and remained 
mycelial, rather than forming pellets. Multifactorial 
experiments under stationary conditions were used to 
determine basic data about Frankla growth.
Static Culture Growth Patterns on Propionate 
Ammoni_um Nitrate Medium
Static culture growth patterns were more 
consistent with linear rather than exponential growth ( 
Figure 15 ). This may suggest that previous reports of 
exponential growth, have been misinterpreted, although 
the nature of the carbon source could well influence 
the ability to grow exponetial ly. { Blom et aJ^ , 1980;
Burggraaf, 1984; Murry et H ,  1984 ). In addition , 
Monod growth kinetics do not adequately describe the 
growth of a filamentous organism which occurs via 
hyphal extension rather than binary fission.Re­
calculation of the data from the above studies 
demonstrated; (i) that no account was taken of the 
inoculum size, which often contributed significantly 
to the final biomass, (ii) that apparent exponential
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phases continued long after substrate exhaustion, (iii) 
biomass concentrations in the exponential phase that 
were below the detection limit of the assay used.
In this study Cpll grew without a lag phase with a
—  1doubling time of 34.5 h , y being 0,020 h . A summary 
of doubling times and /j values re-calculated from other 
investigators is presented in Table 29.Values obtained 
in this studv were comparable with previous 
investigations. However it seems surprising that other 
workers have not calculated those constants which would 
allow comparison between strains.
Table 29
Comparison of kinetic data for Frankia Cpll grown on Propionate 
Ammonia Nitrate msdinm (static batch. cnltnrB)
Kinetic Constant Reference
V (h
0 . 0 1 0
0 . 0 2 2
0 . 0 2 0
69.3
31.5
34.5
Blom, et sT. (1981)* 
Tisa, et (1983)* 
Collins, (1987)
* Calculated from data provided.
:26
Determination of the Biomass Composition of
Frankia
Analysis of the macromolecular biomass composition 
of Frankia Cpll was made in order to determine the 
major components. This information can give important 
clues to the physiology of the organism. To ensure 
sufficient material for analysis,initial biomass 
compositions were for cells grown on yeast extract.
Table 30 shows that the biomass composition of 
Frankpa Cpll was similar to that reported for other 
organisms ( Stouthamer, 1976 ). It was postulated that 
the slow growth of Frankia might have been due to the 
necessity for. a large amount of protein turnover,e g , in 
maintaining enzyme levels.
However, this was not reflected in the analysis.
Further clarification of protein turnover would require 14 C leucine studies.
Percentage DNA in the biomass was lower than that 
reported for other organisms, which may mean the energy 
requirement for nucleic acid synthesis could be less in 
Frankia. Recovery of the DNA and RNA from cell 
fractions gave 99.3% and 99.12% of the total 
recoverable ( see 6.2.2 ), indicating that the modified 
method from Herbert et aj[ ( 1976 ) was applicable to 
Frankia. The levels of intracellular polysaccharide 
were comparable to that of
other organisms. In addition Frankia HFP ArI3 has
Table 30
Comparison of biomass composition of Frankia with that of other
micro-organisms
% Composition (w/w)
Micro-organism Protein RNA DNA Lipid Carbohydrate
Hexose Pentose
Frankia Cpll 
Grown on Yeast 
Extract 58.0 13.0 2.0 10.0 15.0 3.0
Other Micro­
organisms* 53.8 16.14 3.29 9.66 17 06
* From Stouthamer (197$)
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been shown to contain trehalose and glycogen at upto 
10% of the cell dry weight ( Lopez et al., 1984 ) . Both
of these compounds would be detected with the assays 
used in this study. It was interesting that 
polysaccharide was present in the supernatant over and 
above that which was present in the yeast extract ( see 
Appendix ). This could be accounted for by sloughed off 
cell debris as Frankia may have a layer of 
extracellular polysaccharide, loosely associated with 
the cell wall. Certainly microscopic examination of the 
hyphae revealed a phase bright layer surrounding the 
hyphae, which could be a polysaccharide . The presence 
of such a layer in Frankia would be in common with 
other gram positive bacteria, most free-living nitrogen 
fixers and in vdtro grown symbiotic nitrogen fixers, 
since these also have a slime layer ( Sprent, 1976 ).
Furthermore the multi laminar envelope surrounding the 
Franki.a vesicle may be polysaccharide ( Callaham and 
Torrey, 197# ) and glycogen deposits are present in the 
vesicle ( Fontaine et al, 1984 ).
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Growth of Frankj.a j.n a Continuously Starred Tank 
Feactpr _{ ÇSTR 2 ProppoDëtg Ammonpum Çh^prÿde Medÿum
Growth kinetics and physiology of Frankpa was 
studied in a 21 aspirator { Figure 13 ) with 11 of 
medium. Sterility was maintained more readily than in 
an LH-500 fermenter, which was used in early batch 
culture studies.
Sampling using a custom made closed system was also 
effective ( Figure IS). By placing the vessel in the 
hot room the need for complex temperature control was 
eliminated. However, evaporation under these conditions 
was significant, with 30% of the culture volume being 
lost over a 7- day incubation period. Therefore all the 
calculations were conected for evaporation which was 
assumed to be linear.
—  1Data obtained from stirred aerated ( 1.2 1 min ) 
cultures of Cpll grown on loéôf^ t^** sodium propionate 
and 300 mgl ammonium chloride indicated a multiphasic 
mode of growth ( Figure 16 ). It was further 
characterised by discontinuities in the rate of biomass 
accretion which were reflected in growth limiting 
substrate utilisation. A 48h lag was evident, followed 
by a short exponential phase lasting 144 h. These 
phases were also apparent when curves were fitted with 
a fourth degree polynomial, indicating that they were 
stastically significant.
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Additional definition of the growth phases was
obtained by calculating their respective q values (
specific substrate uptake constant, [ g substrate. g 
—  1 ~  1biomass h ] ), ( Figure 17 ). There were three
definite peaks of propionate uptake / utilisation (
q ), which corresponded to changes in the rate ofmaxbiomass accretion. Q ammonium corresponded to amaxq propionate in the second phase of growth. Themaxvalues for q ammonium were an overestimate as not maxall of the nitrogen was incorporated into biomass. The
apparent lack of uptake of ammonium in the first phase
of biomass accretion was due to the fact that at the
bt mass concentration measured the level of ammonium“ 1that should have disappeared { 1-1.5 /ig NH -N ml )4was below the detection limit for the salicylate assay.
‘ %Interestingly-, an MirtQstm propionate occurred early in 
the growth at about 24-48h, which was not reflected in 
significant biomass. This may be explained by carbon 
assimilation not used directly for biomass production. 
Similar events occur in Streptomyces cattleya, where 
large amounts of carbon are assimilated, converted and 
stored for use in later physiological phases ( Bushel1 
and Fryday, 1983 ). The nature of this storage compound 
in Frankj.a may be a polysaccharide. Lopez et al ( 1984 
) have shown that in Fra_.kj.a ArI3, intracellular levels 
of trehalose and glycogen increase to levels of 10-20% 
of the cell dry weight after 7 days of growth. Biomass 
increase ( measured as cell protein ) then began.
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Analysis of the RNA f content of the
biomass throughout the batch cycle indicated that RNA 
content paralleled changes in protein ( Figure 18 ).
< " ' A complete
picture of DNA changes could not be determined because 
of the low biomass concentrations early on in the 
growth phase.
Increase in the hyphal protein:RNA ratio of £tankj.a 
suggested alterations in ribosomal activity prior to 
each physiological phase ( Figure 18 ). This may
reflect de novo protein synthesis of necessary 
biomolecules.
Evidence for these growth related events in other 
actinomycetes is sparse and mostly related to 
antibiotic synthesis. Waksman ( 196.1 ) extensively
reviewed the physiology of the actinomyctetes and it is 
apparent from the literature cited that actinomycete 
growth is certainly multiphasic although there is some 
dispute over the number of such phases, A summary of 
actinomycete growth phases is given in Table 31 . It
would be reasonable to suggest that Frankia cultures 
have similar growth phases to other actinomycetes, 
although they maybe longer by comparison. Certainly 
Frankia cultures show a period of growth analogous to 
phase I, between 0 and 120 h; a phase II betwen 120 and 
162 h; a phase III between 162 and 216 h. and the
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beginnings of autolysis ( Phase IV ), accompanied by 
excretion of ammonium-N. Concomitant with the phasic 
changes in growth was a decrease in the C:N ratio of 
the biomass, which appeared to follow the substrate 
disappearance curve. This might be explained by carbon 
flux out and nitrogen flux into the biomass ( Figure 
1 9  ) .
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Table 31
Growth phases of actinomycetes grown in batch culture^
Parameter Phase I^ Phase II Phase III Phase IV^
Mycelium Increase Constant Increase due 
to second 
germination
Autolysis
*1
Carbon source 
utilisation Slight High
Oxygen demand High Marked decrease
Nitrogen
utilisation High Constant Excretion
Phosphate
utilisation High Constant Excretion
Antibiotic
production Low Increase Maximum
Protein: RNA 
ratio Constant Increase Decrease
 ^ Information summarised from Waksman (196,1), The Actinoycetes, Vol. I, Chap. 7 
 ^ Most authors consider only two growth phases, denoted here by Phase I and IV.
Autolysis may or may not occur.
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In the few studies of Frankia growth, phasic 
growth has not been reported ( Blom et al, 1980: Tisa
et al, 1983; Murry et al, 1984; Meesters et al, 1965; 
Zhang et al, 1986 ). Indeed it is difficult to envisage 
how phasic could not have occured in the static or 
poorly aerated systems used by these workers. Murry et 
al ( 1964 ) did however report a lysis phase after 6
days of growth.
Further macromolecular and elemental analysis of
the biomass yielded data similar to that obtained for
yeast extract grown cells i see 6.5.2 ). Results of C,
H, N and 0 analysis of freeze dried biomass from late
biomass accretion phase enabled a molecular formula to
be determined. The values, C (48.9%), H (7.2%), N
(8.5%; and 0 (35.5%) gave an empirical formula for
Frankla biomass of CH N 0 A mole of1.75 0.15 0.55biomass, therefore contains 24.39 g. The empirical
formula for Frankla was within the limits published for
other organisms ( Table 3% ). Yield and theoretical
respiratory quotient ( R.Q ) and were calculated for
growth on propionate. The values cannot really be
compared with other organisms because of the difference
in substrates used. However a yield of 0.28 is
particuarly low .
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Tablé 32
Comparison of Frankia biomass composition with 
other micro-organisms 
(after Bushel1 and Fryday, 1983)
Organism Formula Reductance R.Q for 
Glucose
Yield Reference
Brevibacterinra spp 5 25%. 5^0.125 4.25 N.A. N.A. Erickson, et al., (1979)
.Saccharomyces
cerevisiae ^ % . 7 % . 5 % . 1 7 4.19 1.04 0.5
Cooney, et al., 
(1977)
Candida ntilis ^%.84°0.56%.2 4.12 1.16 0.54 Herbert ,(1976)
Streptomyces
cattleya C%1.6^0.58^0.17
3.93 0 . 8 0.78 Bushell and Fryday, 
(1983)
"Most organisms" 65^0.5 25%. 2 4.0 N.A. N.A. RoeAS, (1980)
Frankia HFP Cpll 75%. 15%. 55 4.24 0.91* 0.28* Present study
* Propionate grown cells. 
N.A. *- Not available.
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Reductance degree ( gamma ) of a mass balance 
component was defined by Erickson et al^  C 1979 ) as the 
number of electrons in one gram atom, based on carbon =
4, hydrogen = 1, oxygen = -2 and nitrogen ( as biomass 
and ammonia ) = -3. The reductance degree of Frankia 
Cpll biomass is therefore;
4+ ( 1.75 ) + ( 0.55 X -2 ) + ( 0.15 x -3 ) = 4.24 
Values for other microorganisms are presented in Table 
32.
Additional information about batch culture 
dynamics was obtained by constructing a partial mass 
balance. A complete balance was not available becuase 
culture supernatants and respiratory exchange were not 
analysed. The partial mass balance for FrankJ.a Cpll 
grown on propionate, assuming no products are formed 
can be defined by the equation,
1.21 C H O + 0.15 NH +2.88 O 3 5 2 3 2CH N O + 2.63 CO + 2.37 H Ol.%5 0.15 0.55 2 2
The amount of NH available in the medium was assumed3to be that appearing in the biomass if no product was 
formed. However from assays of culture supernatants 20 
mg N disappeared from the medium. This is equivalent to 
1.42 m moles N. Thus a considerable amount of nitrogen ( 0.8m 
moles ) did not appear in the biomass. This unaccounted 
for nitrogen was in common with other nitrogen balances
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with Frankia ( see 5.3.2 ).
Effect of Propionate Concentration on Frankia
Growth
Frankia Cpll was grown in duplicate batch cultures
—  1on 1.0 and 5.0 gl sodium propionate in 2 litre
aspirators. Growth over a 120 h period is shown in“ 1Figure 20 . On 1.0 gl propionate, growth was normal,
sporangia developed at 72 h , growth was linear as was
substrate utilisation. Y was 0.23^. However in cells-1 x/sgrown on 5.0 gl propionate biomass lysis
occurred. Microscopically there were a number of
collapsed sporangia and a large number of released
spores. Protein was not detected after 24 h and
substrate disappearance was not significant.
It was not thought that the lysis was due to
nitrogen limitation as both cultures had medium at a
- 1C:N ratio of 3:1. 5.0 gl propionate was thus
considered an inhibitory concentration for Frankia 
growth.
In a separate experiment Cpll was grown on 2.0 gl
1 sodium propionate under the usual culturing 
conditions, no lysis was apparent. A multiphasic growth 
pattern was again seen ( Figure 21 ). Biomass accretion 
was poor upto 168 h and this was reflected in substrate 
disappearance. After 384 h, growth coni-mwW Vo vncrt.ase but
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Figure 21 Growth Pattern of Frankia CpI1 on 2^0 gl 
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substrate disappearance was not. All of the substrate
was not utilised but this culture gave a much higher
yield factor of Y = 0.35a. It was hypothesised thatx/sthe long lag in the culture had allowed time for 
adaption to the increased propionate concentrât-ion = 
Analysis of the biomass,^ showed an increased level of 
DNA ( Table 33 ) compared with previous values obtained 
for Cpil. Importantly protein: RNA ratio, agood
indicator of growth rate potential had decreased from 
5:1 for yeast extract grown cells to 1.5:1. This 
indicated that a rise in growth rate potential had 
occurred, further supported by an increase in the DNA
content in the biomass. Few other workers have grown
—  1Frankia at concentrations of propionate above 1.0 gl
Murry et al ( 1984 ) obtained maximal O uptake rate at 
-1 2 0.38 gl . Concentrations above this were inhibitory
—  1and respiratory activity was aboloished at 0.95 gl 
propionate. Shipton and Burggraaf ( 1982b ) and
Burggraaf ( 1984 ) demonstrated that CpIl could be
—  1inhibited by 0.54 gl propionate.
—  1Cells from the 2.0 gl fermentation were maintained on 
broth of the same medium and used to inoculate a further 
batch culture.
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Table 33
MacaHDolecular composition of Frankia Cpil biomass 
grown on 2.0 gl Propionate
Dry Weight
(mg 1 ~ )
% ENA % DNA % Protein Y^/s
0.594 15.2 5.89 22.9 0.35
- 16.5.5 Growth, of Frankia Cpil Adapted to 2.0 gl
ni.Propionate on 1.0 gl
Cells of Franki.a Cpil which had previously been~ 1cultivated on 2.0 gl propionate were grown in batch
—  1culture on 1.0 gl propionate.
Data was consistent with a much faster growth
rate, increased yield and biomass accretion ( Figure 22 )
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compared to previous cultures. This suggested that the 
—  1
2.0 gl propionate cultured cells were mutants.
Biomass accretion was again multiphasic and not
exponential. The lag period was reduced compared with
the wild type. Substrate disappearance paralleled
biomass accretion and depletion occurred much earlier ( 192 h
) than in previous batch cultures.
When specific utilisation of substrate { q )
values were plotted ( Figure 23 ), three peaks of
propionate uptake were observed. These corresponded to
the phases of biomass accretion. The q ammonium
paralleled the q propionate, throughout the growth.
Biomass lysis accompanied substrate depletion. However
a slight increase in biomass was observed between 264
and 288 h. Analysis of RNA and DNA contents of the
biomass ( Figure 24 ) did not reveal peaks
corresponding to the q values for the substrate,maxexcept for the final q at 168 h. This seems tomaxsuggest that the phasic changes in growth were not 
accompanied by any significant changes in ribosomal 
activity. .
248
Figure 23 Patterns of Substrate utilisation ( q )
for Batch Cultures of Cpil/Ci grown on 1.0gl
iD. Ë CSTR
-1
o
X
JC
803IXID)E
CDE
B(0coo.eCLO
120 144 160 192 216 240
Time (h)
c
J L(Ccc
cI
-SQAmmonium Q Propionate
249
Changes i.n intrahyphal RNAj_ DNA and
Protean in Batch Cultures of Çpl^/C^ ëîl2Hîl 9.0. gl
Propionate in a CSTR
-1
250
O) 150-
100-
XI
D)
CD50-
0
Time (h)
Q- -©PROTEIN DNA®-
B- -S RNA
250
Sporangium formation correlated with the final peak in q 
propionate. The increase in growth at 264 h was 
reflected in an increase in RNA and DNA suggesting the 
increase was true growth. It was interesting to 
speculate on where the substrate for this growth phase 
came from. It may represent utilisation of 
intracellular reserves or breakdown products, from 
biomass lysis. The improved growth characteristics of 
the " adapted " strain led it to be designated as a 
substrain, Cpil/Cl.
Determination of the Inhibition Constant i _) 
for Propionate in Frankia Cpil
It was evident from this study and others in the
literature ( Shipton and Burggraaf, 1983; Murry et ai,
1984 ) that Frankia strains were inhibited by the
substrate propionate. This was seen as a growth_ 1
limiting effect and S appeared to be about 0.5 glcr itfor most strains. As propionate is the best carbon
source for Frankia strains, the only way to attain
higher yields would be to increase the propionate
concentration. This could not be done without further
research into the inhibition kinetics of Frankia
growth. Data on Ki and S would enable; (i) thecritoptimum concentration of propionate to be used,(ii) a 
mutation and selection programme to be initiated for "
Ki mutants ", which would have altered propionate
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tolerance.
To determine K i , a series of batch cultures were
carried out under the same cultivation conditions with
respect to each other. Propionate concentrations were
—  10.2, 0.4, 0,5, 1.0, 1.5, 2.0 and 2.5 gl which gave a
good spread of sampling points around an approximate
value, derived from data in the literature, for S-1 critof 0.5 gl
Figures 25 and 26 show the direct plots of
biomass accretion with time for " wild type " Cpil.
—  1Maximum biomass was achieved on 0.6 gl propionate.
Growth was depressed as propionate concentration was
—  1increased above 1.0 gl . Interestingly, biomass
—  1 —  1concentration was greater on 2.0 gl than 1.5 gl
propionate. It may represent adaptation of that
particular culture or simply experimental error.
Adaptation of only one of the cultures does seem
unlikely, but actinomycete sporangia are heterokaryotic
( Hopwood, 1973 ) and therefore capable of considerable
variation. Furthermore, Parsons et aj^  ( 1985 )
described a spontaneous mutant of Frankia WEY 0131391
which showed an altered growth pattern, in terms of
growth rate and nitrogen fixation,compared to the
parent strain.
Assay of propionate demonstrated that for
—  1concentrations between 0.2 and 1.0 gl , disappearance 
was linear ( Figure 27 ).
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Figure 27 S.È ÊH^strate Utilisation by
EZÊDËia Cpll Grown in Batch Gu_lture on
Concentrations of Propionate
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— 1Above 1-0 gl disappearance was negligilble and 
this was reflected in the poor growth.
Results of C,H,N and O analysis of freeze dried 
biomass indicated that the carbon content of the 
biomass increased with increasing substrate 
concentration. Nitrogen content of the biomass remained 
constant at 7.2-7.3 % ( Table 34 ). Reductance
decreased, which may reflect changes in the 
intracellular carbohydrate content.
Table 34
Biomass compositions of Frankia Cpil grown at 
different Propionate concentrations
Propionate Concn,
(gi-i)
% Composition Molecular Formula Reductance
C H N 0
0.4 40.02 6.06 7.21 30.39 ^#1.81^0. 15^0.56 4.24
0.6 41.14 6.32 7.35 32.46 83^0.15^0.5 9 4.21
1.0 44.75 6.74 7.16 39.58 ^%.8^0.14°0.67 4.07 i
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Growth Mode^ for Substrate iQh^b^t^on of 
Frankia by Propionate
A single substrate inhibition model was 
adapted from enzyme kinetics ( Dixon and Webb, 1978 ), 
and hypothesised to be the mechanism by which Frankia 
was inhibited by propionate. The model assumes that in 
the effective biomass substrate complex, one substrate 
molecule binds to form an ineffective biomass substrate 
complex, e.g,
K+1 K+2
B K-1 BS
BB
B + Products
+S
At steady state this situation âs described by the 
equation ;
V  =  V________
1 + Ks/S + S/Ki (1 )
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Substituting for v and for V in equation (1) andmaxmultiplying through by sKi gives.
H = __^max S Ki____2( SKi + KsKi + S ) (2)
which is a modified Haldane equation ( Pirt, 1975 ).
Theoretical growth curves were calculated for each of
the terms In the model. Three conditions can be
envisaged for ^ .
(i) |i is unaffected by Ki, but is limited by Ks
only.
(ii) ju is unaffected by Ks, but is limited by Ki
only.
(iii) ja is limited by Ks and Ki .
The equations for these situations are;
(ij pg = ^ mas (3)1 + Ks/S
(ii) jui = fA mas1 + S/Ki (4)
(iii) pb = fd max1 + Ks/S + S/Ki (5)
Plots of equations (3) to (5) are presented in Figure
28.
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Figure 28 Theoretical Plots of The Effect of Ki, and 
Ks on ja
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Transforming equation (5) gives (2), differentiating
this equation enables the calculation of S as:crit
1/2S = ( Ks.Ki ) when d/i/ds = 0 (6).critKi can be determined by plotting 1/p versus S, the
intercept on the negative X axis giving Ki . S cancritthus be determined from the graph of p. against S, and 
Ks from equation (6).
6^5^6.2 Use of the Growth Model for determining Ki for 
EZâGkia Çpü^
Using the data obtained from the batch cultures at
different substrate concentrations, semi natural log
plots of biomass against time were used to determine p
values, ja against S was plotted using a fourth degree
polynomial { Figure 29 ). The turning point of the
graph was calculated from the first differential to
—  1give S = 0.47 gl propionate. From a plot of i/pcrit “1against S ( Figure 30 ) Ki was calculated at 0.40 gl
propionate ( c.f Shipton and Burggraaf, 1982b ). From
—  1equation (6) Ks was determined to be 0.55 gl
propionate. A summary of the kinetic parameters is
given in Table 35.
Using these values the expected biomass increase 
with time was calculated from equations (5) and (4). 
Biomass accretion curves were calculated from;
X = dx/dt. i / p  (7).
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Figure 29 Fourth Degreee Polynomial Fit of the u 
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Table 3
Summary of kinetic data for the Frankia Cpil ~ Inhibition modal
[si gl ^
0.2 0.036
0.4 0.040
0.6 0.040
1.0 0.035
1.5 0.017
2.0 0.020
2.5 0.020
“1 -1 -1
0.55 0.4 0.47
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Comparison of The Inhibition Modei with 
Experimental Data
%(QE
15
Tim e h
.K_ only with  K
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The observed growth pattern ( Figure 31 ) was in 
reasonable agreement with the substrate inhibition 
model.
The failure to exactly fit the inhibition model 
may suggest that Monod kinetics are perhaps not ideally 
suited to the growth modelling of filamentous 
organisms. Indeed few good studies of actinomycete 
growth kinetics exist and much of it has been 
extrapolated from the growth of fungi. In many ways the 
logistic model described by Pearl and Read ( 1920 ) may 
better describe filamentous growth e.g,
dx = yu max.x [l-(x / xf)j (8).dt
xf = final biomass
As X increases x/xf tends towards unity and 
[ l-(x/xf)j becomes significantly less than one. Since jjl 
max is a constant, this reducing factor effectively 
decreases the value of p max, therefore restricting the 
rate of increase of the population size with time. In 
many ways this is similar to the effect of equation (5) 
on growth, x/xf being analogous to the term Ks/S + 
S/Ki. The logistic equation however, gives a steeper 
exponential phase than the inhibition curve suggesting 
that the x/xf term tends to unity later than the 
inhibition term. This is reflected in a lower final 
specific growth rate. Bull and Trinci ( 1976 ) and
Bushel 1 et al. ( 1976 ) considered that the logistic
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equation best modelled the growth of
nidul^ans 224 as it accounts for the deceleration phase.
which the Monod model does not.
The inhibition model for growth of Frankia has not
been described before and represents a major step
forward in the understanding of Frankia growth. The
S value will enable media to be designed that willcrit
allow growth without inhibition. In addition it formed 
the basis for a mutation and selection programme 
described in detail in 6.5.6.3.
The choice of the Haldane equation to describe the 
inhibition of microbial growth is by no means novel. 
Numerous workers ( 7 ; '.I. , ; Sokol
and Howell, 1981; Andrews, 1968; ‘ ,
' ., 1975; van den Heuvel, 1985 )
have described it for growth modelling on inhibitory 
substrates. D'Adamo et al^  { 1984 ) considered that the 
Haldane equation best described substrate inhibition.
Parameter fitting to the data was also an 
important part of the model. This is often a complex 
and time consuming process utilising for example; 
graphical trial and error ( Gates and Marlar, 1968 ), 
least squares ( Ong, 1983 ) and an information index ( 
Yoo et al^ , 1985 ) . All these require mainframe
computers and library routines. The polynomial fit, 
incorporating a search for the minimum standard
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deviation between the points by a matrix stripping 
technique was used in this study The programme was 
developed by Dr M.E Bushel1 of the University of Surrey 
and ran on a BBC model B microcomputer.
and Selection for
Tolerance with NTG
Ki , Ks and S have been determined for Frank_iacritCpil ( see 6.5.6.2 ). This allowed propionate media
to be designed that were not inhibitory to growth.
—  1However at the S of 0.47 gl the u value wascritapproximately 0.040 h , i.e a doubling time of 17.Sh­
it was thought that this yu value could be improved 
upon, via an increase in Ki using mutagenic treatment. 
If this was so then the maximum attainable growth rate
( /j max at S ) would increase as S increased (crit critFigure 32). As the curve approaches a maximum in an
asymptotic manner, i.e, the { Ks + Ki ) term approaches
Ks the significance of Ki on jd becomes negligible. It
was decided that the realistic endpoint for a mutation
~  1study would be a u  of 0.11 h equivalent to a S of_1 crit
4.0 gl . Ki mutants capable of growth at elevated
propionate concentrations would therefore have
considerably higher doubling times than the wild type
and couldbceasily screened for on an agar plate. The
selection programme assumed that Ks and the potential u
max remained constant during mutagenesis.
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EieHEÊ 2^ Increase of ^  i.Scrit2 and Scj.t as Kj. _is
— 1from 0_^ 9 to g 3^
,11-
4.2Scrit
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The criteria for assessing a potential mutant was that:
it should he visible on the selection plate at or
before 10 days and must have an enhanced yu or increased
peripheral growth zone, since wild type Cpil ( /i max 0.040 
~  1h wore not visible at this time.
In the absence of NTG no colonies were formed on
- 1the plates containing > 2.0 gl propionate. ( Table
36 ) However the NTG treatments showed a background
of apparent confluent growth on the selection medium— 1
upto a propionate concentration of 2.0 gl . It was
assumed that this was inoculum carry-over as ahigh coll
concentration was used in the mutagenesis. True mutants
were therefore the single colonies that appeared on the
plates in addition to the confluent growth. Unlike most
mutation studies a killing curve for was not drawn as
it was assumed that colonies capable of growth at
elevated propionate concentrations were true mutants.
—  1NTG at a concentration of 10 yug ml and an exposure
time of 60 min produced mutants that could tolerate
high propionate concentrations.
Also evident on the plates at sub-inhibitory
levels of propionate were " giant " colonies which may
have had a decreased Ks for propionate, increased
peripheral growth zone width or a higher Ja max.
Alternatively they could be Ki mutants growing at u
max. Further work is necessary to elucidate this. It
- 1was observed that Ki mutants growing at 5.0 gl were 
very small, with colony diameters < 0.2mm. This is a
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Table 50
Mutagenic treatment of Frank!a CpIl with NTG 
(a) Treatment time vs. number of mutants (1 yg NTGrnl'^}
Exposure Time Number of Colonies per Plate
(min) 0 0.47 1 . 0 2 . 0 3.0 4.0 4.47 5.0
Proolonate 9)-!
30 0 cÔOg c51g c45g 39 23 18 1660 0 c43g c63g c67g 35 2 2 30 17
1 2 0 0 c2 0 g c35g c43g 31 2 0 1 2 6
c : Confluent growth, 
g : Giant colonies formed, 
- : No result.
(b) Treatment time vs. number of mutants ( 1 0  yg NTGml'U
Exposure Time Number of Colonies per Plate
(min) 0 0.47 1 . 0 2 . 0 3.0 4.0 4.47 5.0
Propionate g|-l
30 0 c54g • c36g 43 23 16 + Ig 3160 0 c48g c53g c51g 32 29 2 2 39
1 2 0 0 c47g c2 1 g c42g 2 2 14 28 + Ig 1 0
(c) Treatment time vs. number of mutants (100 yg NTGntj!"^ )
Exposure Time Number of Colonies per Plate
(min) 0 0.47 1 . 0 2 . 0 3.0 4.0 4.47 5.0
Propionate gl"l
30 0 c37g c81g 50g 42 2 2 26 + 2 g 2 1
60 0 - c52g 59g 26 31 26 19
1 2 0 0 c50g c51g 42 4 13 4 4
7 1 I
feature of cells under stress, presumably reducing
their surface area to volume ratio { Williams, 1985 ).
The Ki mutants may be still inhibited to some extent,
which was reflected in their ju value estimated from the
doubling time. Doubling times on plates of the NTG
treated cells were estimated at 10-12 h, against the
calculated theoretical value of 6.3 h. Figure 33
summarises the results of the mutation and selection
programme. The mean S of the survivors presumablycritincreased as the substrate concentration increased.
A total of 22 mutants were obtained by randomly
subculturing colonies from the selection medium into
propionate ammonium chloride medium at the appropiate
concentration. Unfortunately, time did not permit
further study of the mutants, some of which showed
interesting morphological differences compared to the
wild type. Interestingly, all of the mutants retained
the ability to produce sporangia, although these were
mainly intra hyphal. This type of sporangium has been
termed " reproductive torulose hyphae " by Diem and
Dommergues ( 1985 ).
No other investigators have made use of the above
technique to " improve " Frank^a growth. The use of NTG
as a mutagen is particuarly efficient because Frankÿa
DNA has a high G+C mol. percent, which is constant
between a number of strains. This is common to most(mik)actinomycetes . ,. Lie et a%^were able to
select for mutants of Avcll, using NTG, that formed
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Figure 31^ Colony Count of NTG Survivors after 10 da^s
- 1Incubation { 1 ml NTG 1^ . 30 min Exposure
60-
50-
40-
30-
ou
10 “
P ro p io n a te  gT* (S)
273
Ineffective nodules on the plant taut continued to fix 
nitrogen ^n vitro. This points to a deletion in the nod 
gene. Mutation did not affect the growth requiremnts of 
the strain. Akkermans ( 1986 ) has reported the use of 
NTG to select for kanamycin resistant mutants of 
F r a n k A G P .  Mutation and selection is therefore a 
useful tool for studying Frankia physiology and 
genetics, and would benefit from further study. For 
example, mutants could be isolated that required 
certain amino acids ( auxotrophs ) or were antibiotic 
resistant. These characteristics could then act as 
effective markers in cloning studies
274
of the Relationship Between Jij^ 
q propionate^ Gamma^ lBt£oce^2uj.ar Trehalose Content 
and TrehaJ.ase Activity in Frankia Cpll^
Replicate batch cultures ( 1.5 1 ) were carried 
out to investigate the relationship between the 
kinetics of intracellular carbohydrate mobilisation 
and growth. " Starved " cells of Frank£a Cpil were used.
Figures 34 and 35 show the dynamics of the batch 
culture. Growth was multiphasic and propionate had 
almost disappeared by 120 h at which point protein 
content peaked. Intracellular trehalose content also
peaked at 120 h and this was accompanied by a further
increase in growth, despite the lack of propionate. The 
decrease in growth rate was reflected by a decrease in 
intracellular trehalose. Assay of trehalase ( ©< - oc -
glucoside-l-glycohydrolase ) at pH 7.0 and pH 5.5 
revealed that the maximum specific activity of the
trehalase occurred at pH 7.0, in contrast to the
trehalase from F£ankia HFP ArI3 ( Lopez and Torrey,
1985b ) which showed maximum activity at pH 5.5.
Trehalase activity in the batch cycle demonstrated a
distinct peak at 72 h, followed by a sharp decrease at
120 h. This was accompanied, by a rise in q propionate.
Both these events were
reflected in an increase in trehalose in the biomass ( 
Figure 36 ).
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Figure 34 Dynamics of Intracellular Carbohydrate Mobilisation in Batch Cultures of Frankia Cell Crown on Propionate Ammonium Chloride Medium
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Figure 35 Trehalase Activity in Batch Cultures of Frankia Cgll Grown on Proginate Ammonium Chloride 
Medium
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Figure 36 Changes in 0 RroRionate and Intracellular Trehalose Content in Batch Cultures of Frankia Cpil Grown on Propionate Ammonium Chloride Medium^
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Analysis of the molecular formulae of the biomass for 
the batch cycle indicated that reductance was 
relatively high at 120 h and decreased as the level of 
trehalose decreased ( Table 37a ). Biomass early on in 
the growth phase was assumed to have a low trehalose
content as the cells had been starved prior to the
experiment. The percentage trehalose content in the 
biomass was subtracted from the percentage C,H,M,0 
contents of the biomass. New molecular formulae and 
values for gamma were then calculated ( Table 37b ). 
This highlighted an interesting apparent relationship 
between trehalose content and reductance ( gamma ). 
When trehalose content was at a maximum, gamma was 
lowered with respect to biomass stripped of trehalose, 
i.e from 4.86 to 4.11. The effect of biomass 
carbohydrate content on gamma in Frankia is similar to
Streptomyces cattleya where a gamma value of 3.93
reflects an extremely high carbohydrate content { 
Bushell and Fryday, 1983 ). Using these observation and 
previously obtained data from this study a hypothetical 
growth model, encompassing the growth related events 
was constructed for Frankia.
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Table 37a
Molecular formulaeand gamma values for Frankia Cpll biomass 
grown on Prioplonate in batch culture
Time (h) Molecular Formula Reductance
120 84^0.15%. 64 4.11
168 ^%,7S%.17°0.62 4.05
216 ^^1.82%. 14%. 6 7 4.07
Re-calculated molecular formulae and gamma value£for Frankia 
biomass subtracting intracellular trehalose
Time (h) % Trehalose Molecular Formula Reductance
120 80.96 ^%.63%.23°0.54 4.86
168 48.80 14%. 21%. 56 4.39
216 15.35 ^^1.9%. 15%. 65 4.15
Table 37b
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6_^ 5_^ Zj_1. Growth Model for Frankia
The model assumes that propionate is an inhibitory 
carbon source, the type of inhibition being first order 
as determined in 6.5.6. The action of the inhibition i@ 
thought to occur because propionate can act as a 
respiratory uncoupler, traversing the cytoplasmic 
membrane when present in an undissociated form ( 
Tempest and Neijssel, 1984 ). The effect of this, in 
the absence of metabolic activity would be to eliminate 
the d pH component of the proton motive force. 
Organisms can overcome this by increasing their 
respiration rate, causing an increased rate of proton 
efflux from the cytoplasm ( Tempest and Neijssel, 1984 
). As propionate uptake is active using an energised 
membrane state ( Stowers et al., 1986 ), uncoupling
would cause the rate of transport to decrease with a 
consequent effect on Frankia growth. Evidence for the 
uncoupling nature of propionate could be obtained by q
O measurements at high propionate concentrations.2Murry et aj, ( 1984 ) observed maximum respiration rates 
at 5 mM propionate, in addition to a high endogenous 
rate.
They concluded that propionate was not an uncoupler 
because elevated levels of propionate didnot inhibit 
the endogenous respiration rate. This is of course an 
incorrect assumption; the high propionate concentration 
would stimulate respiration, as witnessed by the high
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endogenous rate. Their evidence is therefore more 
consistent, with propionate acting as an uncoupler-:
A typical batch cycle ( Figures 34 and 35 ) can be 
explained in terms of the hypothetical growth model in 
the following way.
Firstly the growth of Frankia was divided into 
four phases,.
Phëëë Î
Biomass accretion rate is linear, q propionate is 
low, reductance and trehalose content are low. The 
uncoupling nature of propionate would lead to electrons 
being diverted from phosphorylation. ATP synthesis
would therefore fall. Threshold ATP levels may thus 
trigger the onset of trehalose biosynthesis. Biomass 
concentration increases slowly.
PhâSê II
As propionate is utilised, the critical
—  1concentration ( 0.47 gl ) below which it is no longer 
inhibitory is passed, q propionate rises to a maximum, 
although biomass accretion rate decreases. This may be 
due to energy being diverted into, (i) trehalose
synthesis from UDP or GDP glucose and glucose,or (ii) 
protein synthesis for necessary enzyme systems. The 
latter may be reflected in the low level of trehalase 
activity. Reductance of the biomass is decreasing,
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suggesting that elevated levels of trehalose supply 
oxidising power to the biomass.
im III
Propionate is completely utilised, trehalose 
breakdown begins as trehalase activity increases. 
Reductance of the biomass falls slightly, although its 
contribution to the gamma value is reduced as its 
percentage by weight also decreases. Sporangium 
formation begins.
F h â ë ë  IV
Biomass accretion rate slows considerably, 
reflecting a possible stationary phase. Trehalose 
breakdown rate also decreases. Reductance of the 
biomass increases slightly.
Thus the phasic growth of Frankia is consistent with 
changes in substrate uptake rate, intracellular 
carbohydate mobilisation ( and hence reductance of 
the biomass ) as demonstrated by the combination of a 
hypothetical model and experimental observations.
6 .5.7.2 The PossibjLe Effects of Gamma on Substrate 
Uptake
It is proposed that gamma could have other effects 
on phasic growth in Frankia such as altering the rate
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of substrate uptake.
Konings et al. ( 1986 ) have observed that in
Escherzçhi.a co^î electron transfer is possible between 
redox centres in the cytoplasmic membrane. The redox 
state of these centres will be effected by the proton 
motive force ( PMF ), which in turn is affected by 
environmental factors which for example upset d pH. 
Most of the redox centres are sulphydryl groups. 
Propionate transport in Frankia is thought to be 
mediated by just such groups ( Stowers :eh aC 1986
). A model proposed by Konings et al ( 1985 ), { Figure
37 ) is consistent with substrate transport being 
affected by the redox state of one or more components 
of the electron transport chain { ETC ).
It is proposed that changes in the redox state of 
Franki.a biomass as' a consequence of gamma could effect 
the ETC and therefore propionate transport. For 
example, when the biomass was in a high redox state { 
gamma value low, trehalose content high ), the redox 
state of the ETC would be effected either directly or 
as a consequence of increased proton efflux ( due to 
the net negative charge inside the cell ) and a change 
in d pH. This would affect the redox state of the 
sulphydryl groups in the membrane as proposed by 
Konings et al ( 1986 ) with a subsequent effect on 
substrate transport and Frankia growth.
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changes in the intracellular carbohydrate content 
are both products of and contributory to the phasic 
growth of Frankia. It is interesting that sporangium 
formation occurs when trehalose is being mobilised. It 
has been suggested that trehalose acts as an endogenous 
reserve carbohydrate in Streptomyces sp ( Hey and 
Elbein, 1968 ). In addition Cruz-Martin et al ( 1986 ) 
have shown that trehalose can aid the dehydration 
resistance of spores of Streptomyces 1 hj.otj.eus . In
Frankia ArI3 nitrogen fixation did not begin until the 
onset of trehalose breakdown and in nitrogen fixing 
cells the trehalose content of the biomass was 
inversely correlated with logarithmic growth ( Lopez et 
al^ , 1984 ). On the. basis of this and other studies, the 
role of trehalose in phasic growth and sporangium 
formation in Frankÿa would appear possible. 
Assimilation of trehalose would proceed via the EMP 
pathway, demonstrated in Frankia by Lopez and Torrey 
(1985 ).
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6^6 Summary of Growth Phys^o^ogy and K^net^cs for
Frankia
(i) Propionic acid was the optimum carbon source 
for Frankÿa in terms of growth rate and yield, although 
it has a low ATP yield in metabolism ( see Appendix II) 
However, increasing the propionate concentration 
depressed growth rate. Propionate was therefore 
considered to be inhibitory. The inhibition was 
subsequently shown to be first order and of the single
substrate type. K i , Ks and S were determined bycritcalculation and experiment. These values were used to 
construct a predictive model to screen for FrauElA 
altered in substrate tolerance.
(ii) Static culture growth patterns of Franki.a were 
more consistent with linear rather than exponential 
growth. Protein and dry weight were representative 
measures of biomass accretion.
(iii) A multiphasic mode of growth was observed 
when Frankia was grown in CSTR's on propionate. Thfs 
was characterised by discontinuities in the rate of 
substrate utilisation. Substrate disappearance was 
recorded for the first time. Changes in the 
intracellular carbohydrate content and reductance value 
were also observed. A hypothetical growth model for the
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multiphasic growth was proposed, based on the 
mobilisation of intracellular carbohydrate, substrate 
uptake and reductance.
(iv) Macro and elemental biomass compositions 
were determined for Frankÿa biomass. Macromolecular 
compositions were similar to that of other 
microorganisms. Biomass molecular formulae were 
calculated and used to determine a partial mass balance 
for Frankia. This indicated the possibility of 
nitrogenous product formation.
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CHAPTER SEVEN 
7^0 Summary and Future Work
Zui ÊHBBËZy
The following general conclusions can be drawn 
from this investigation.
Isolation of Frankia
Optimum isolation of the Frenkia endophyte from 
M n u s  spp was achieved using selective filtration of 
crushed surface sterilised root nodules. Isolation 
procedures for Myri^ca gale and Hdppophae rhamnoÿdes 
were not fully optimised but serial dilution of
axenically prepared nodule homogenates was . the most 
effective. The overall success rate for the isolations 
in terms of isolates obtained for attempts made was
3.5%. A total of 15 strains were isolated that
satisfied Koch's postulates by re-nodulation of the 
host plant and maintained viability on subculture.
Z^l^Z EHrific&tion of Frankia
Frankj;a strains isolated in this study and those 
obtained from other workers were invariably contaminated 
with a single gram negative bacterium, identified as
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Pseudomonas cepacia. Electron microscopic observations
showed the contaminant to be associated with the
polysaccharide layer of the hyphae. A successful
purification procedure based on a mixture of either 
—  1 —  1 100 /Ig ml tetracycline plus 100 yig ml
chloramphenicol or 100 ug ml penicillin G plus 100 ug 
—  1
ml polymyxin B was developed. A cell concentration of 
~  150-100 yig ml protein was also required.
Growth Kinetics and Physiology
Overall Frankÿa growth is slow compared with other 
actinomycetes. Screening of carbon and nitrogen sources 
in defined media showed that optimum carbon sources 
were Tween 80, propionate, pyruvate and trehalose. 
Favourable nitrogen sources were ammonium chloride, 
ammonium nitrate, glutamate and aspartate.
Zj.1z.3jl2 Nitrogen Nutrÿtÿon i_n Frankia 
15 N studies showed that Frankia was capable of
utilising ammonium and nitrate nitrogen. None of the
strains tested could be demonstrated to be capable of
denitrification. Optimum Frankia growth was observed
between C:N ratios of 1:1 and 8:1. Ammonium toxicity
—  1was detected above 300 jug NH -N ml , even at a 
constant C;N ratio indicating that cultures were not
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carbon limited. Yield was greater on organic nitrogen
sources though this may reflect their contribution as
carbon sources. Ail strains tested reduced acetylene in
vitro in the presence of oxygen. The efficiency of
—  1nitrogen fixation was determined at 5. Oing N g C 
consumed. Yeast extract didnot suppress nitrogen 
fixation as effectively as inorganic nitrogen sources. 
Nitrogen fixing cells had generally lower total 
nitrogen contents ( 4% ) compared to non-fixing cells t 
8-10% ). Reductance values were higher for nitrogen
fixing cells suggesting a more reduced biomass in 
contrast to non-fixing cells.
Carbon Nutrition i_n Frankia
—  1Propionate at a concentration of 1.0 gl was the
optimum carbon source for growth and yield in Frankia,
although complex media containing veast extract ( 2.5
- 1gl ) gave higher biomass concentrations. Biomass
—  1concentrations were improved from an initial 35 mgl
- 1to 350-400 mgl . Yield ( Y ) was improved fromx/s0.065 to 0,28^( propionate ). Doubling times were
reduced from several days to approximately 18-20 h .
Substrate utilisation was measured in batch culture for
the first time. Growth was multiphasic and never
exponential. Propionate was shown to be an inhibitory
carbon source using a single substrate model. K i , Ks
and S were calculated in batch culture using acrit
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single substrate inhibition model. Using this model the 
outcome of a mutation and selection programme to obtain 
propionate tolerant mutants of Frankia was predicted.
A number of propionate tolerant mutants were produced 
by NTG treatment of wild type Franki.a.
ZjL.iz.3iA Mobilisation of Trehalose in Frankia
Storage of trehalose in Frankia in early biomass 
accretion phase was demonstrated. Subsequent 
mobilisation of this trehalose by the activity of the 
enzyme trehalase was also demonstrated. It was evident 
that this provided the necessary energy for a second 
stage of biomass accretion , following substrate 
depletion. Intracellular trehalose made a significant 
contribution to biomass reductance value, A model based 
on intracellular redox potential and ATP synthesis 
thresholds was proposed to explain phasic growth events 
in Frankia.
Z_î.1jlA Screening for Bipactlye Secondary Metabolites
Limited screening studies against super sensitive 
bacteria, plant pathogens and Rhizobium spp were
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undertaken. Weak antibiotic activities were observed 
against some plant pathogens, where aerial mycelium 
formation was suppressed. The growth of slow growing 
Rhizobium spp, e.g Rhizobium japonicum was also
inhibited.
Preservation of Frankÿa Strains
Short term ( upto a year ) storage of Frankia was
oachieved in 20 % (w/v) glycerol at - 20 C. Vials could 
be repeatedly frozen and re-thawed to obtain inocula, 
if necessary. Long term ( 1-2 years ) storage by freeze 
drying in skimmed milk was also effective. At least two 
subcultures were necessary into fresh medium, to fully 
express the phenotype, especially vesicle formation 
following storage.
7.2 Recommendations for Further Work
7.2.1 Isolation
Optimisation of isolation procedures from Sp+ 
material would be useful as few such isolates exist. 
Direct soil isolation is also worthy of further
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investigation, hand in hand with a study of F^ankia 
ecology in the soil. Frankiae certainly survive in the 
soil either as spores or vegetative hyphae. Strains 
isolated from soil may have better growth rates than 
nodule isolates which represent cells adapted to 
nitrogen fixation and the symbiotic state. Strain 
diversity amongst the Frankiae is great. Isolations 
from as many hosts in as many geographical areas as 
possible might result in faster growing, higher 
yielding strains. The actual part of the nodule, e.g 
the vesicle cluster, that gives rise to free-living 
Frankiae in isolation is uncertain. Increased 
fractionation of nodule homogenates may lead to 
procedures directed at the infective Frank^a containing 
structure.
7,2,2 Growth Kinetics and Physiology
Growth of Franki,a remains poor compared with other 
actInomycetes. A comprehensive mutation and selection 
programme for fast growing , high yielding strains 
would be useful. Continuous culture enrichment 
techniques could also be used for obtaining K s , Ki and 
p. max variants. Further work is required on the 
multiphasic growth phenomenon, possibly in tandem with 
radiorespirometry to determine if the observed phasic 
growth is linked to changes in the metabolism of carbon 
sources.
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storage and mobilisation of carbohydrates, e.g 
trehalose in Frank^a should be closely investigated, 
especially in relation to providing stored energy rich 
compounds for further growth or growth related events, 
e.g nitrogen fixation and spore formation. This might 
allow optimisation of secondary metabolite formation.
The hypothetical relationship between ATP 
thresholds and intracellular carbohydrate mobilisation 
could be' investigated by measuring levels of ADP, AMP 
and ATP throughout a batch cycle. Determination of the 
adenylate energy charge of Frankia cells would also be 
useful as an indicator of the efficiency of ATP 
turnover versus carbon used. This information could be 
used to ascertain whether Ftankj.a wastes energy in 
futile cycles, e.g pumping out ions.
Mixed cultures of Frankia and its Pseudomonas 
contaminant warrant further investigation to observe 
any possible relationships, e.g interspecies energy 
transfer, bi-utilisation of substrates and enhancement 
of growth.
Cultivation methods for Frankia would benefit from 
additional work. Roller tubes and macro / microcarriers 
could be important in studies of product formation and 
mediurn deve1opment.
7.2.3 Screening for Secondary Metabolites
295
In tandem with mutation and selection studies for 
improved Frankia strains, screening for bloactive 
metabolites should also be undertaken, as mutants may 
have altered secondary metabolism. Screening regimes 
targeted at plant pathogens rather than medically 
important organisms may be more successful. 
Intracellular as well as extracellular products should 
be investigated. Mixed cultures, for example of 
different Frankj.a strains or Frankia and a Pseudomonas 
spp could yield possible novel products. Screening in 
the presence of an actinorhizal plant might reveal 
compounds involved in competition with other 
rhizosphere organisms, or in plant stimulation.
7.2.4 Genetics
Frankia genetics is still in its early stages. If 
mutants, altered in growth rate cannot be generated but 
Frankia showed promise in product formation, then the 
encoding DNA for these products could be transferred by 
cloning into suitable hosts. Certainly nif can be 
isolated from Frankia and might be easier to insert 
into eukaryotic hosts via vectors such as Ti plasmids, 
than EbAzobium or Klebs^e^^a nif sequences. The 
possibility to extend nitrogen fixation to presently 
non nitrogen fixing organisms therefore exists.
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Agr 1 cu 1 ture and sidv^cu^ture
Large scale inoculation of actinorhisae already 
occurs in some countries, e.g Canada. However this 
usually occurs in the greenhouse under controlled 
conditions. In this study, inoculum was applied 
directly to the plant in the field. This approach 
should be investigated further. Packaging and storage 
of the inoculum are also important factors. Seed 
coating or incorporation of the inoculum into gels 
might be used.
The possibilities for extending the symbiosis to 
other related species that are more agriculturally or 
silviculturally important should be investigated. 
Frankia may be more important than Rhizobium in this 
case because of its already large host range, which 
suggests it has the abilty to fool a wider range of 
host defence mechanisms. Screening for the optimum 
symbiotic relationship, in terms of strain type, e.g 
Sp+, Sp-, hup+ and hup- could be attempted. Plant cell 
culture might be a novel way of obtaining nitrogen 
fixing plantlets of other non-actinorhizae,as the host 
defences may be less active.
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APPENDIX I
Antimicrobials and Ant^funga^s
— 1Four flasks of 30ml of a seed medium { Mg ; gl , 
Pharmamedia, 20; glycerol, 10; glucose, 5. ) were
inoculated with 5.0 ml of Frankia Cpil and shaken for 5 odays at 30 C. These were then assayed by a cup plate 
technique against overnight cultures of the test 
organisms, Escherichia coli SS, Staphylococcus aureus 
864; Commomonas terri.gina 2034 and a Flavobacterium 
spp.
1^0cl Cup Plate Assay Technique
Each of the obove strains was grown in nutriento obroth, overnight at 30 and 37 for the E^ toll.
To 150 ml of molten nutrient agar, 2.5 ml of overnight 
broth was added ( 5.0 ml in the case of E^ Ç211 ) and 
0.75ml tétrazolium solution ( 2% w/v tétrazolium in 5% 
v/v Dimethyl sulfoxide ). These were mixed thoroughly 
and the plate ( 12" x 12" square assay plates, Nunc ltd 
) poured . When the plate had set a 8x8 matrix of 5mm 
wells were cut in the agar using a hole punch.
Wells were filed with 150 ^1 of the test broth, 
and controls of uninoculated broth and ringers solution 
were used. Zones of inhibition, shown by clear areas
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against the red background of reduced tétrazolium were
measured using vernier callipers, No zones were
recorded against s_^  aureus 864; 2034 or
—  1Flavobacterium spp. Zones equivalent to 50 ugml 
penicillin G were observed against cq^i.
From the seed medium, Frankia was transferred
to a series of six production media ( M1-M6 ) and grown oat 30 c for 14 days. The supernatants were assayed as 
described previously. In addition to the antibacterial 
assays the antifungal activity of Frankia was 
determined.
Sporing cultures of Verticillium tricorpus ;
Fusarium oxyspqrum; Bqtrytis 1§bae; Fhvbqpthqra
cinnamon!i; Geaeumannomyces graminis; Pithium
dubaryanum were maintained on Potato dextrose agar (
PDA ), 1% PDA or malt extract agar ( Oxoid Ltd ). A 7mm
disc was cut aseptically from such a culture using a
sterile cork borer. The disc was transferred to 10 ml
of sterile ringers, mixed by vortexing and the
supernatant added to 100 ml of either PDA, 1% PDA oroMEA cooled to 46 C. 10 x 10 cm assay plates were 
poured with the agar which was allowed to set. Holes 
were punched in the agar in a 5x5 matrix. The plates 
were left for 24, 48 and 72h before inoculation with
the test broth so as to ensure the fungi were growing.
No significant activity against the test bacteria 
was observed for supernatants from any of the
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production media. However activity against F_^ oxysporum 
was observed for media M1-M5 where inhibition of aerial 
mycelium formation occurred.
Supernatants from batch cultures of cpil were 
reguarly tested for activity against the test bacteria 
with no success. Activity against Rhizobium japonicum 
and Fusarium oxysporum was however observed for 
cultures grown on propionate ammonium chloride medium.
Frankia Cpil does possess some, albeit low 
level of antibiotic activity. Interestingly this 
occurred most repeatedly against plant pathogens and 
another nitrogen fixer, both of which may be in direct 
comparison with Frankia in the soil.
Media Recipes
Ml
- 1
gl
Soya meal 10
Glucose 20
CaCO 0.23Na So 0.52 4CoCl .6 0 0.0012 H2 pH 6.0
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M2
Pharmaiued i a 20
Soluble Starch 25
L-glutamic acid 1.0
M3
Dextrose 25
Corn Steep Liquor 15
Pharmamedia 5
CoCl 0.01
M4
Na HPO • 4.22 4KH PO 2.82 4MgSO 0.24NH NO 2.04 3Glucose 25
+ 1.0 ml of trace element solution 
pH 7.0
M5
—  1as M4 but containing 5.0 gl L-glutamic acid
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Mb
Glucose 20
Soya bean meal 5.0
Ammonium sulphate 1.5
N a d  3:0
KCO 3.03pH 7.0
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APPENDIX II 
Theoretical Metabolic Pathway for Frankia Cplj.
Stowers et al ( 1986 ) have shown that propionate 
metabolism in Frankia proceeds via the methylmalonyl 
pathway ( Figure A1 ) as in Rhizobium ( Stowers, 1985 
) .
Combustion of propionate in a bomb calorimeter would 
yield the following products;
C H COOH + 70  ^ SCO + 3H 0 (1)2 5 2 2 2
Calculating the energy generating reactions gives a 
value of 1 ATP from succinyl CoA to succinate, 1 ATP 
from oxaloacetate to pyruvate and 3 ATP from pyruvate 
to Acetyl CoA. Each turn of the TCA cycle yields 12 
ATP. Therefore;
17ADP +17P -— » 17ATP + 17H O (2)i 2
Adding 1 and 2 together;
C H COOH + 70 + 17ADP + 17P  >2 5 2 i3C0 + 20H O + 17ATP (3)2 2
Accounting for the ATP requiring reactions: 1 ATP is
needed for conversion of propionate to propionyl CoA 
and another ATP is needed for the biotin dependent 
conversion to methylmalonyl CoA. Thus;
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c H COOH + 7 0  + 1 6  ADP + 14P2 5 2 i3C0 + 15ATP + 14H 0 + AMP2 2
The AMP Is converted to 2ADP using lATP
AMP + ATP ---» 2ADP (5)
Finally adding 4 and 5
C H COOH + 70 + 14ADP + 14P2 5 2 i300 + 14ATP + 14H O2 2
Thus 1 mole of propionate yields 14 moles of ATP.
This of course does not allow for propionate transport, 
and indicates that Frankqa growth on propionate is 
energy, rather than carbon limited.
Trehalose would be expected to yield a greater amount 
of ATP than propionate, but the calculation of this is 
complicated as the pathway of trehalose breakdown is 
not fully elucidated in Frankia.
In Euglena gracilis trehalose is phosphorylated 
to Glucose-l-Phosphate and Glucose. The B-Glucose-1- 
Phosphate is then coverted to Glucose-6-Phosphate as is 
the glucose and can then be metabolised via the EMP 
pathway. The la la bond between the glucose monomers 
in trehalose has a very high energy, suggesting that 
the above reaction is ATP independent.
With reference to propionate metabolism,
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propionyl CoA is also involved in the degradation of 
amino acids. This may explain the observed increases in 
yield when Frankia is grown in the presence of amino 
acids and propionate ( Biom et al, 1980 ).
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Figure Al Theoretical Metabolic Pathway for Propionate Mertabplisni in frankia spp
Fructose-6-®
Fructose Bisphosphate
DH AP — Glvceraldehyde-3®
CO, CO,
P y r u v a t e
C O 2
Oxaloacetate
Malate T C A  CYCLE
Succinate
Succinyi-CoA
A
R-Methylmalonyl-CoA
S- Methylmalonyl -  C oA  
ADP Pi
Biot'n
CoA-SH
%Propionate —
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CODE MEDIA CONSTITUENTS PREPARATION
BAP K2PO4,10mM: KH2P04. lOniM;MgS04.7H20,1mM;CaC i 2,0.à1mM:FeNaEDTA,I00m§/1iBiotin 450ug/l; Sodium Propionatej 1.0g/i Filter sterilise pH 6.8
P/CAS Salts as BAP, add Casamino Acids 5.0g/l Autoclave, add Filter sterilised Propionate.
Omod L- Lecithin,5mg/l; Yeast Extract,0.5g/l; Bacto-Peptone,5.0g/l; Glucose,10.0g/l; Agar,8.0g/1. Autoclave pH 6.8
IsolationMedium K2HPO4,3.0g/l;KH2PO4,2.0g/l; Autoclave, addMgSO4.7H2O,0.2g/l;NaCl,0.3g/l; Filter sterile
FeNaEDTA,0.16g/l; Trace elements,lOmi/l; Pyruvate.Casamino acids,3.Og/1 ; Sodium Pyruvate,3.0g/1; pH 6.8Agar,10.0g/l
TraceElements H3BO3.0.15; ZnSOA.71120, .15:MnSO4,4H2O,0.45; NaMo04.2H20,0.026; CUS04.5H20, 0.004; CoCl2,0.05. All as g/i in distilled water. Add 10 ml in 1 litre of medium.
Vitamin
Mixture
M6B(Yeast Extract Medium)
Thiamine HCl,0.ImgiNicotinic Acid,0.5mg Pyridoxine HCl.0.5mg:Biotin,2,0mg.
Salts as BAP and add Yeast Extract 2.5g/l
Make 100K as concentrated add 10ml/l.
Autoclave pH 6.8
PNS(Plant
NutrientSolution)
g/5O0ra1 : NH4N03,20 : Ca(N03)2.4H20,29.5; K2S04.13.1; MgC12.6H20,10.2;NaI12P04. 2H20,5.0; Na2HP04.12H20,5.8 
10ml of Trace Elements Solution
Add 10ml of each to 1 litre pH,7.0 approx
308
REFERENCES
Akkermans.A .D .L ( 1978 ) Root Nodules in Non Leguminous Plants.In: Interactions Between Non Pathogenic SoilMicroorganisms and Plants. pp 335-372. Edited by Y.R Dommergues & S.V Krishna. Elsevier.Holland.
Akkermans,A (1986) Antibiotic Production and Resistance in Frankfa. In:Int. Meeting on Frankia and Actinorhizal Plants, University of Umea. pp 11-15. Edited by K.Huss- Danell & C.T Wheeler.
Akkermans,A.D.L, van Straten.J and Roelofsen W (1977) Nitrogenase activity of nodule homogenates of Adnus Slutinqsa: A comparison with the Rhizobium Pea System. In: Recent Developments in Nitrogen Fixation. pp 591-603. Edited by W.E Newton,J.R Postgate & C.Rodriguez- Barrueco. Academic Press London.
Akkermans, A.D.L and Houwers,A. ( 1979 ) Symbiotic Nitrogen Fixers Available for Use in Temperate Forestry. In : Symbiotic Nitrogen Fixation in theManagement of Temperate Forests.pp 23-35. Edited by J.C Gordon, C.T Wheeler & D.A Perry. Oregon State University. Corvallis
Akkermans, A.D.L, Roelofsen, W and Blom, J ( 1979 ) Dinitrogen Fixation and Ammonia Assimilation ii, Actinomycetous Root Nodules of Alnus glytin; -. In:Symbiotic Nitrogen Fixation in the Management of Temperate Forests.pp 160-174. Edited by J.C Gordon, C.T Wheeler & D.A Perry. Oregon State University. Corvallis.
Akkermans, A.D.L and Roelofsen, W ( 1980 ). Symbiotic Nitrogen Fixation by Actinomycetes in Alnus type Root Nodules. In: Annual Proceedings of the PhytochemicalSociety of Europe 18 pp 279-299. Edited by W.D.P Stewart & J.R GalIan. Academic Press. London.
Akkermans, A.D.L and van Dijk, C ( 1981 ) NonLeguminous Root Nodule Symbioses with Actinomycetes and Rhizobium. In: Nitrogen Fixation l,pp 57-103. Edited by W.J Broughton.
Akkermans, A.D.L, Roelofsen, W, Blom.J, Huss-Danell, K and Harkink, R (1983 ). Utilisation of Carbon and Nitrogen Compounds by Frankia in Synthetic Media and in Root Nodules of M n u s  glutinosa, Hippophae rhamnoides and Datisca canjaabina Can. J. Bot. 61(11) 2793-2800.
309
Aldrich-Blake,R .N (1932) On the Fixation of Atmospheric Nitrogen by Bacteria Living Symbiotically in Root Nodules of Casuarina egufsetifqfia. For.Mem 14 1-20.(cited Mishustin & Shi 1 ‘nikova,1971).
Allen,E.K & Allen, O.N (1958) Non-Leguminous Plant Symbioses. In : Microbiology and Soil Fertility. pp77-108. Edited by C.M Gilman & O.N Allen. Oregon State University Press. Corvallis.
An,C.S. Wills, J.W, Riggsby, W.S and Mullin, B.C ( 1983 ). Deoxyribonucleic Acid Base Composition of 12 Frankfa Isolates. Can. J. Bot. 61 (11) 2859-2862.
An, C.S, Riggsby, W.S and Mullin, B.C ( 1985a )Relationships of Frankia Isolates Based on DNA Homology Studies. Int.J. Sys. Bacteriol. 35 140-146.
An,C.S, Riggsby, W.S and Mullin, B.C ( 1985b )Restriction Pattern Analysis of Genomic DNA of Frankfa Isolates. Plant and Soil 87 43-48.
Andrews, J.F ( 1968 ). A Mathematical Model for the Continuous Culture of Microorganisms Utilising Inhibitory Substrates. Biotechnol, Bioeng. 1,0 (5) 707- 723.
Angulo -Carmona,A.F (1974) La Formation des Nodules Fixateurs D'Azote Chez Alnus glutinosa. A-ta Bot.Neerl. 23 257-303.
Baker, D ( 1982 ). Frankia; New Light on anActinomycete Symbiont. Abstr.V. Int. Symp. on Actinomycete Biol. Oaxtpec Mexico.
Baker, D and O'Keefe, D. (1984 ). A Modified Sucrose Fractionation Procedure for the Isolation of Frankiae fron Actinorhizal Root Nodules and Soil Samples. Plant and Soil 78, 23-28.
Baker, D and Torrey, J.G ( 1979 ). The Isolation and Cultivation of Actinomycetous Root Nodules Endophytes. In : Symbiotic Nitrogen Fixation in the Management ofTemperate Forests.pp 38-56. Edited by J.C Gordon, C.T Wheeler & D.A Perry. Oregon State University. Corval1 is.
Baker, D. , Kidd, G.H, and Torrey,J.G (1979 ).Separation of Actinomycete Nodule Endophytes from Crushed Nodules Suspensions by Sephadex Fractionation. Bot. Gaz. 140 ( Suppl) 549-551.
Baker, D and Torrey, J.G ( 1980 ). Characterisation of an Effective Actinorhizal Microsymbiont, Frankfa sp Avcll ( Actinomycetales ). Can. J. Microbiol 26, 1006-
110
1011.
Baker,D , Newcomb,W . & Torrey,J.G (1980)Characterisation of an Ineffective Actinorhizal Microsymbiont Frankia sp Eull ( Actinomycetales ). Can.J. Microbiol, 26 1072-1109.
Baker, D Pengelly, W.L and Torrey, J.G (1981 ).Immunochemical Analysis of Relationships Among Isolated Frankiae ( Actinomycetales ). Int.J.Syst. Bact 3jL (2), 148-151.
Baker, D. Lechevalier, M.P and Dillon, J.T ( 1981 ). Strain Analysis of Actinorhizal Microsymbionts ( Genus Frankia ) 479.Can.J.Microbiol 28, 234-239.
Baker,D ( 1982 ). A Cumulative Listing of IsolatedFrankiae,the Symbiotic Nitrogen Fixing Actinomycete. The Actinomycetes j.7 35-42.
Baker, D and Huss-Danell, K ( 1986 ) Effects of Oxygen and Chloramphenicol on Frankfa Nitrogenase Activity. Arch. Microbiol. f44 233-236.
Bauer, W.D and Bhuvaneswari, T.V (1980 ) The Possible Role of Lectins in Legume Rhizobium Symbioses and other Plant Microorganism Interactions. In Recent Developments in Biological Nitrogen Fixation.pp 379.Edited by N.S Subba Rao. Academic Press, Lono.
Baumeister,W & Kausch,W (1974) Ultrastructural Aspects of the Symbiotic Association in Hfppophae Root Nodules. Naturwissenschafen 61 219-220.
Becking,J.H (1961) Molybdenum and Nitrogen Fixation by Alder (AJnus glutinosa). Nature 192 1204-1205.
Becking,J.H (1966). In vitro Cultivation of Alder Root Nodule Tissue Containing the Endophyte. Nature 207 885- 887.
Becking,J.H (1968) Nitrogen Fixation by Non-Leguminous Plants. Dutch Nitrogenous Fertiliser Review 12 47-74
Becking,J.H (1970). Frankiaceae fam.nov.(Actinomycetales) With One New Combination and Six New Species of the Genus Frankia Brunchorst 1886. Int.J.Syst.Bacteriol. 20 201-220.
Becking, J.H (1975 ) Root Nodules in Non Legumes. In: The Development and Function of Roots. Third Cabot Symposium, 508-541.Edited by J.G Torrey & D.T Clarkson.
311
Academic Press.
Becking, J.H ( 1977 ). Endophyte and AssociationEstablishment in Non Leguminous Nitrogen Fixing Plants.
Becking, J.H ( 1978 ). Nitrogen Fixation in Nodulated Plants Other than Legumes. Adv. In Agric. Micro. 5 89- 
110.
Becking, J.H ( 1981 ). The genus Frankfa. In:TheProkaryotes, 2, 1992-2003. Edited by M.P Starr ;H .Stolp; H.G Truper; A.Balows & H.G Shleger. SpringerVerlag.Hoiland
Becking,J.H ; W.E DeBoer.& A.L Houwink (1954) Electron Microscopy of the Endophyte of Alnus glutinosa. Antonie van Leewenhoek 30 343-376.
Benecke,U (1969) Symbionts of Alder Nodules In New Zealand. Plant and Soil 30 145-149.
Benson, D.R, Arp, D.J and Burris, R.H ( 1979 ). Cell Free Nitrogenase and Hydrogenase from Actinorhizal Root Nodules. Science 205 688-689,
Benson, D.R (1982 ). Isolation of Frankfa Strains from Alder Actinorhizal Root Nodules. Appl. Environ. Microbiol. 44 ( 2) 461-465.
Benson, D,R and Hanna, D ( 1983 ). Frankia Diversi: an Alder Stand as Estimated by Sodium Dodecyl Sulp. Polyacrylamide Gel Electrophoresis of Whole Cell Proteins. Can. J. Bot 61 (11) 2919-2923.
Benson, D.R, Bucholz, S.E and Hanna, D ( 1984 ).Identification of Frankfa Strains by Two Dimensional Polyacrylamide Gel Electrophoresis. Appl. Environ. Microbiol. 47 (3) 489-494.
Benson, D.R , Mazzucco, C.E and Browning, T.J { 1984 ). Physiological Aspects of Frankia. In : Nitrogen Fixation and C02 Metabolism.pp 49 -70. Edited by P.W Ludden & J.E Burris, Elsevier. North Holland.
Berg, R,H ( 1983 ). Preliminary Evidence for the Role of Suberisation in Infection of Casuarina. Can. J. Bot. 61(11), 2910-2918.
Bergersen, F.J, Turner, G.L, Gibson, A.H and Dudman, W.F ( 1976 ). Nitrogenase Activity and Respiration of Cultures of Rhizobium spp with Special Reference to Concentration of Dissolved Oxygen. Biochem. Biophys. Acta. 444, 164-174.
312
Bergersen, J.F and Turner, G.L ( 1976 ). The Role of Oxygen Limitation in Control of Nitrogenase in Continuous Cultures of Rhizobium spp. Biochem. Biophys. Res. Commun. 73(2), 524-531.
Berry, A and Torrey, J.G ( 1979 ). Isolation andCharacterisation in Yiyq and in yitrg of an Actinomycetous Endophyte from ATnus Rubra. Bong. In : Symbiotic Nitrogen Fixation in the Management of Temperate Forests.pp 69-83. Edited by J.C Wheeler; C.T Wheeler & D.A. Perry. Oregon State University.Corvallis
Berry, A.M and Torrey, J.G ( 1983 ). Root HairDeformation in the Infection Process of Alnus rubra. Can.J. Bot. 61 (11) 2863-2876.
Birch,G.G (1963) Trehalose.Adv.Carbohydrate. Chem. 18,201-224.
Blom, J, Roelofsen, W and Akkermans, A.D.L ( 1980 ). Growth ofFrankia Avcll on Media Containing Tween 80 as a Carbon Source. FEMS. Microbiol. Letts. 9, 131-135.
Blom, J, Roelofsen, W and Akkermana, A.D.L ( 1981 ). Assimilation of Nitrogen in Root Nodules of Alder (Ainus glutinosa ). New. Phytol. 89, 321-326.
Blom, J ( 1982 ). Carbon and Nitrogen SourceRequirements of Frankia Strains. FEMS Microbiol. Lett.13 51-55.
Blom, J and Harkink, R ( 1981 ). Metabolic Pathways for Gluconeogenesis and Energy Generation in Frankia Avcll. FEMS Microbiol. Lett. 11 221-224.
Blom, J ( 1981 ). Utilisation of Fatty Acids andAmmonium by Frankia Avcll. FEMS. Micro Lett. 10, 143- 145.
Bond,G (1951) Symbiosis of Leguminous Plants and Modulating Bacteria IV. The Importance of the Oxygen Factor in Nodule Formation and Function.Ann.Bot 15 95-108.
Bond,G (1956) The Development and Significance of the Root Nodules of Casuarina. Ann. Bot 21 373-380.
Bond,G (1958). Symbiotic Nitrogen Fixation by Non- Legumes. In: Nutrition of the Legumes. pp 216-231.Edited by E.G Hallsworth. Butterworth. London.
Bond,G (1959) Symbiotic Nitrogen Fixation by Non- Legumes. In: Nutrition of the Legumes. pp 216-231Edited by E.G Hallsworth. Butterworth. London.
313
Bond,G (1960) Fixation of Nitrogen in myrtifqiia. Nature 193 1103-1104.
Coriaria
Bond, G . ( 1963 ) The Root Nodules of Non- LeguminousAngiosperms. In: Symbiotic Associations. Symp. Soc.Gen. Microbiol.pp 67-89.Edited by P. Nutman & B. Mosse Cambridge University Press. Cambridge.
Bond,G (1964) Isotopic Investigations on Nitrogen Fixation in Non-Legume Root Nodules. Nature 204 600- 
601.
Bond, G. ( 1976 ). The Results of the IBP Survey of Root Nodule Formation in Non Leguminous Angiosperms. In: Symbiotic Nitrogen Fixation in Plants IBP 7.pp 440- 474. Edited by P.S Nutman. Cambridge University Press. Cambridge.
Bond, G ( 1977 ). Some Reflections on Adnus Type Root Nodules. In Recent Developments in Nitrogen Fixation, 531-537. Edited by W.E Newton,J.R Postgate & C Rodriguez-Barrueco. Academic Press.London
Bond, G and Wheeler, C.T ( 1980 ). Non Legume Nodule Systems. In; Methods for Evaluating Biological Nitrogen Fixation pp 185-210. Edited by F.J Bergersen.Wiley.London.
Boonkerd,N. Thananusont, V . Poodpong,J & Vpsuvc. (1985) Isolation and Characterisation of Fran'; , from Root Nodules of Cauarina. In: Nitrogen FixationResearch Progress.pp 700-701. Edited by H.J. Evans,P.J Bottomley & W.E Newton. Matin Nijhoff Junk. Netherlands.
Bradford, M.M ( 1976 ). A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilising the Principle of Protein-Dye Binding. Anal. Biochem. 72, 248-254.
Bradley, S.G ( 1978 ). Physiology of Actinomycetes.Biology of Actinomycetes and Related Organisms, 13(3), 
102- 121 .
Brown, C.M, Me Donald-Brown and Meed, J.L ( 1974 ), Physiological Aspects of Microbial Inorganic Nitrogen Metabolism. Adv. Microbiol. Physiol. 11, 1-52.
Burggraaf,A.J.P (1984) Isolation, Cultivation and Chracterisation of Frankfa Strains from Actinorhizal Root Nodules.PhD Thesis University of Leiden, Holland.
314
Burggraaf, A.J.P, Quispel, A, Tak, T and Valstar, J. { 1981 ). Methods of Isolation and Cultivation of Frankfa from Species of Actinorhizas. Plant and Soil 61, 157- 168.
Burggraaf, A.J.P and Shipton, W.A ( 1982 ). Estimates of Frankfa Growth Under Various pH and Temperature Regimes. Plant and Soil 69, 135-147.
Burggraaf, A.J.P and Shipton, W.A ( 1983 ), Studies on the Growth of Frankfa Isolates in Relation to Infectivity and Nitrogen Fixation ( Acetylene Reduction ). Can. J. Bot. 61 (11) 2774-2782.
Burggraaf,A.J.P & Valstar,J (1984) Heterogeneity Within Frankfa sp LDAgPl, Studied Amongst Clones and Reisolates.Plant and Soil 78 29-43.
Bushel1, M.E and Fryday, A ( 1983 ). The Application of Materials balancing to the Characterisation of Sequential Secondary Metabolite Formation in Streptomyces cattleya NRRL 8057. J.Gen. Microbiol. 129 1733-1741.
Callaham, D, Tredici, D.P and Torrey, J.G ( 1978 ). Isolation and Cultivation i.n ydtro of the Actinomycete Causing Root Nodulation in Cqmptqnfa Science 199, 899-902.
Callaham,D & Torrey,J.G (1978) Pre-Nodule Formatio; Primary Module Develoopment in Roots of Comptqnfa ( Myricaceae). Can. J. Bot. 55 2306-2318.
Chaboud, A and Lalonde, M ( 1983 the Surface of Frankia Strains. 2889-2897.
). Lectin Binding On Can. J. Bot. 61 (11),
Cleland.W.W (1970) Steady State Kinetics. In: TheEnzymes 2 pp 1-65. Edited by A.H Dixon. Academic Press. London.
Collins,D & Lynne,L (1970) Methods for the Identification of Bacteria. Academic Press. London.
Cooney,C.L, Wang,H .Y and Wang,D .I .C (1977) Computer Aided Material Balancing for Prediction of Fermentation Parameters.Biotechnol. Bioeng. 18,55-67.
Cruz-Martin,M , Diaz, L.A, Manzanal, M.B and Hardisson, C ( 1986 ). Role of Trehalose in the Spores ofStreptomyces. FEMS. Microbiol. Lett. 35 49-54.
315
; ;
D'Adamo, P.D, Rozich, A.F and Gaudy, A.F ( 1934 ). Analysis of Growth Data with Inhibitory Carbon Sources. Biotechnol. Bioeng. 24 397-402.
Daniel, R.M, Limner, A.W, Steele, K.W and Smith, I.M ( 1982 ). Anaerobic Growth, Nitrate Reduction andDenitrification in 46 Rhizobium Strains. J. Gen. Microbiol. 128, 1811-1815.
Daniel, R.M, Smith, I.M Phillip, J.A.D, Ratcliffe, Drozd,J.W and Bull, A.T ( 1980 ). Anaerobic Growth and Denitrification by Rhizobium japonicum and other Rhizobia. J. Gen. Microbiol. 120, 517-521.
Davison,D & Woof.S (1978) Reducing Agents for the Batch Determination of Nitrite.Analyst 103 403-406.
Diem, H.G and Dommergues, Y ( 1983a) . The Isolation of Frankia from Nodules of Casuarina. Can. J. Bot. 61 (11), 2822-2825.
Diem, H.G and Dommergues, Y ( 1983b). An Effective Strain of Frankia from Casuarina. Can. J. Bot. 61(11), 2815-2821.
Diem, H.G and Dommergues, Y.R ( 1985 ). In yitrq Production of Specialised Reproductive Torulose Hyphae by Frankia strain ORS021001 Isolated from Casuarir. • junghuhiana Root Nodules. Plant and Soil 87 17-29.
Dobritsa, S.V 9 1985 ). Restriction Analysis of the Frankia Genome. FEMS. Microbiol. Lett. 123-128.
Drevon,J.I. Frazier,L. Russel,S.A & Evans,H.J (1982) Respiratory and Nitrogenase Activity of Soybean Nodules Formed by Hydrogenase Uptake Negative (Hup-) Mutant and Revertant Strains of Rhizobium japqniçum chracterised by Protein Patterns. Plant Physiol. 70 1341-1346.
Elbein,A.D and Mitchell,M (1973) Levels of Glycogen and Trehalose in Mycobacterium smegmatis and the Purification and Properties of the Glycogen Synthetase. J.Bacteriol. 113, 863-873.
Erickson,L.E. Minkewich,I .G & Eroshin,V.K (1979) Utilisation of Mass Energy Balance Regularities in the Analysis of Continous Culture Data.Biotechnol.Bioeng. 19 575-591.
Evans, H.J, Emerich, D.W and Maier, R.J ( 1979 ).Hydrogen Cycling Within the Nodules of Legumes and Non Legumes and its Role in Nitrogen Fixation. In: Symbiotic Nitrogen Fixation in the Management of Temperate Forests.pp 200-222. Edited by J.C Gordon ; C.T
316
Wheeler & D.A Perry. Oregon State University Corvallis.
Faure-Raynaud, M , Bonnefoy,M, Perradin, Y. Simonet, P and Moiroud, A ( 1984 ). Protoplast Formation from Frankja Strains. Microbios. 43,, 159-166.
Feltham,R .K.A. Power,A.K. Pell,P.A & Sneath,P.H.A (1978) A Simple Method for Storage of Bacteria at -76 Celsius.J .Appl.Bacteriol. 44 313-316.
Fletcher,W.W (1955). the Development and Structure of the Root Nodules of Myrfca gafe with Special Reference to the Nature of the Endophyte. Ann. Bot. 19 501-513.
Fontaine, M.S, Lancelle, S.A and Torrey, J.G ( 1984 ). Initiation and Ontogeny of Vesicles in Cultured Frankia sp Strain HFP ArI3. J. Bacteriol. 1^ 60 (3), 921-927.
Fontaine, M.S, Young, P.H and Torrey, J.G ( 1986 ). Effects of Long Term Preservation of Frankia Strains on Infectivity, Effectivity and fn yftrq Nitrogenase Activity. Appl. Environ. Microbiol! (4), 694-698.
Fromner,A (1956) Storage of Streptomyces under Oil. Arch. Microbiol. 25,219-222
Gardner,I.C (1965) Observations on the Fine Stru of the Endophyte of the Root Nodules of Alnus glutinosa.Arch. Microbiol . 53, 365-383.
Gardner, I.C (1976) Ultrastructural Studies of Non- Leguminous Root Nodules . In: Symbiotic NitrogenFixation in Plants,pp 485-495. Edited by P.S Nutman. Cambridge University Press. Cambridge.
Gatner,I.M.S & Gardner,I.C (1970) Observations on the Fine Structure of the Root Nodule Endophyte of Hippophae rhamnoides. Arch Microbiol. 70 183-196.
Gates,W.E & Marlar,J.T (1968). Product Inhibition of Anaerobic Digestors.J.Water Pollution Control. 40 469-470.
Gauthier, D, Diem, H.G and Dommergues, Y ( 1981 ). j,n vitro Nitrogen Fixation by Actinomycete Strains Isolated from Casuarina Nodules. Appl. Environ. Microbiol. 43, 306-308.
Gauthier, D.L ( 1983 ). Effect of L-Methionine-DL- Sulfoximine on Acetylene Reduction and Vesicle
317
Formation in Derepressed Cultures of Frankia strain Dll. Can. J. Microbiol. 29, 1003-1006.
Gauthier, D, Diem, H.G and Dommergues, Y ( 1985 ). Assesement of Nitrogen Fixation by Casuarina equisetifqiia inoculated with Frankia ORS 021001 using 15N Methods. C a n .J .Microbiol. 34,256-261.
Gerber, N.N and Lechevalier, M ( 1984 ). NovelBenzo{a}napthacene quinones from an Actinomycete Frankia G-2. Can. J. Chem. 62 2818-2824.
Goodchild, D.J (1977) The Ultrastructure of Root Nodules in Relation to Nitrogen Fixation. Int Rev. Cytology. 6 235-288
Gottschalk,G (1980) Bacterial Metabolism. Springer Verlag. Holland.
Graef,S.P & Andrews,J.F (1973) Mathematical Modelling and Control of Anaerobic Digestion.AiChe,Symp.Ser. 136 70-101.
Hafeez, F , Akkermans, A.D.L, Chaudray, A.H ( 1984 ). Morphology, Physiology and Infectivity of Two Frankia Isolates Anl and An2 from Root Nodules of ATnus nitfda.Plant and Soil 79 (1), 45-53.
Hall,R.B. McNabb,H.S. Maynard,C.A. & Green,T.L (1978)Towards the Development of an Optimal Afnus glut' "^ sa Symbiosis. Bot.Gaz. 140 S120-S126.
Hanus,F.J. Maier,R.J & Evans,H.J (1979) AutotrophicGrowth of the Hydrogen Uptake Positive Strains ofRhizqMum iaponfcum in an Atmosphere Supplied With Hydrogen Gas.Proc.Natl.Acad.Sci. USA. 76 1788-1792. j
Haugland, R.A, Hanus, F.J, Cantrell, M.A and Evans, H.J I( 1983 ). Rapid Colony Screening Method for Identifying 1Hydrogenase Activity in B M z o M u m  japonicum. Appl. jEnviron. Microbiol. 45 892-897. 1
Hay-Ferguson,A,Mitchell,M and Elbein,A.D (1973). '.iTrehalose Metabolism in Germinating Spores ofStreptomyces hy gros cop i eus .J. Bacteriol. 113, 863-873. î
Hawker, L.E & Fraymouth,J (1951) A Reinvestigation of .the Root Nodules of Species of Heagnus, Hippophae, Alnus & Myrica, with Special Reference to the Causative Organisms.J.Gen.Microbiol. 5 369-386.
318
Helenius, A & Simons,K (1975) • Solubilisation of Membranes by Detergents.Biochem.et Biophys.Acta. 4^5 29-79.
Hellreigel, H and Wilfarth ( 1888 ). Rubenzucher-Industrie Deutschen Reichs.
Herbert,D (1976). Stoichiometric Aspects of Microbial Growth. In: Continous Culture 6, Applications and NewFields, pp 1-39. Edited by A.C.R Dean, D.C Ellwood, C.G.T Evans and J.Melling. Chichester. Ellis Horwood.
Herbert, D, Phipps. P.J and Strange, R.E ( 1976 ). Chemical Analysis of Microbial CelIs.In ; Methods in Microbiology 5B,pp 209-344. Edited by D. Herbert & P.J Phipps. Academic Press London.
Hey,A.E and Elbein,A.D (1978) Partial Purification and Properties of a Trehalase from Streptomyces hygroscopicus.J. Bacteriol. 96, 105-110
Hill,S and Postgate, J.R ( 1978). Factors Influencing the Efficiency of Nitrogen Fixation in Free Living Bacteria. Ecol. Bull. 26, 130-136.
Hirsch, C.F and Christensen, D.L ( 1983 ). NovelMethod for Selective Isolation of Actinomycetes. Appl. Environ. Microbiol. 46(4), 925-929.
Hiltner,L (1898) Uber Entstehung und Physiologische Bedetung der WurzelknolIchen. Naturwiss. 7 415-423 ( cited in Akkermans,1978).
Hopwood,D.A (1973) Genetics of Actinomycetes. In : The Actinomycetales, Characteristics and Practical Importance. pp 131-153. Edited by G . Sykes & F.A Skinner. Academic Press. London.
Hopwood, D.A ( 1981 ). Genetic Studies with bacterial Protoplasts. Ann. Rev Microbiol. 35 237-272.
Hopwood,D.A. Wildermuth,H & Palmer,H.M (1970) Mutants of Streptpmyces coelicplpr Defective in Sporulation. J.Gen Microbiol. 61, 397-399.
Horriere, F, Lechevalier, M.P and Lechevalier, H.A ( 1983 ) . i.n yitrp Morphogenesis and Ultrastructure of a Frankia sp ArI3 ( Actinomycetales ) from Al,nus rubra and a Morphologically Similar Isolate ( AirI2 ) from Ainus incana subsp rugosa. Can. J. Bot 61.(11), 2843- 2854.
319
HosotanijK { 1985 ), Inhibition of the GlutamateMetabolism by Sodium Propionate, a Food Additive. Wakayama Daigaku Kyoikugakabu Kiyo Shizen 34 33-8.
Hurst, P.L ( 1977 ) Purification and Properties of a Cellulase from Aspergillus niger. Biochem. J 165, 33-41.
Huss-Danell. K and Sellstedt, A ( 1983 ).Nitrogenase Activity in Response to restricted Shoot Growth in Alnus incana. Can. J. Bot. 61 ( 11) 2949-2955.
Jepson,W.L (1936) The Flora of California 2 Berkeley University. California Press. 460-462.
Jiabin, H Zheyang,Z, Guanxiong, C and Huichang ( 1985). Host Range of Frankla Endophytes. Plant and Soil87, 61-65.
Jordan,D.C (1982) Strain Analysis Amongst Rhizobium Strains.Int.J.Syst.Bacteriol. 32 136-139.
Kappel,M & Wartenberg,H (1958) Der Formenwechel des Actinomyces ainll Peklo, in den Wurzeln von Alnusglutlnpsa Gaertn. Arch. Microbiol 30 46-63 ( cited in Quispel, 1979 ).
Kleiner, D ( 1985 ). Bacterial Ammonium Tr~-FEMS Microbiol. Rev. 32, 87-100.
Knowles, R ( 1982 ). Denitrification. Microbiol. Rev. 46, 43-70.
Knowlton, S. Berry, A and Torrey, J.G ( 1980 ).Evidence that Associated Soil bacteria May InfluenceRoot Hair Infection of Actinorhizal Plants by Frankia. Can. J. Microbiol. 26, 971-977.
Knowlton, S and dawson, J.O ( 1983 ). Effects ofPseudomonas çepaçia and Cultural Factors on theNodulation of AJnus rubra Roots by Frankia. Can. J. Bot. 61(11), 2877-2882.
Konings,W.N & Michels,P.A.M (1986) Electron Transfer Driven Solute Translocation Across Bacterial Membranes. In; The Diversity of Bacterial Respiratory Systems, pp 109-168. Edited by W.N Konings. Springer Verlag. Holland.
Krebber,0 (1932) Untersuchungen uber dieWurzelknolIchen de Erie. Arch. Mikrobiol 3 588-608 ( Cited in Akkermans, 1978).
320
Lalonde, M, Knowles, R and Fortin, J.A ( 1975 ).Demonstration of the Isolation of Non Infective Alnus 
crispa var mollis Fern. Nodule Endophyte byMorphological Immune1abel1ing and Whole Cell Composition Studies. Can. J. Microbiol. 21(2) ,1901-1920.
Lalonde. M ( 1977 ). Infection Process of the Aj,nusRoot Nodule Symbiosis.In ; Recent Developments in Nitrogen Fixation .pp 569-582. Edited by W.E Newton, J.R Postgate & C . Rodriguez-Barrueco. Academic Press. London.
Lalonde, M ( 1979 ). Immunological andUltrastructural Demonstration of Nodulation of the European AJnus glutlnpsa ILJ. Gaertn Host Plant by an Actinomycetal Isolate from the North American Cpmptpnj,a Beregrlna(L) Coult, Root Nodule. Bot. Gaz 140 (Suppl.), 535-543.Lalonde, M & Knowles (1975) Ultrastructure, Composition & Biogenesis of the Encapsulation Material Surrounding the Endophyte in Alnus crispa var Mollis. Can.J.Bot 53 145-149.
Lalonde,M (1977) The Infection Process of the Alnus Root Nodule Symbiosis. In : Recent Developments inNitrogen Fixation. pp 569-589. Edited by W.E Newton , J.R Postgate & C . Rodriguez-Barrueco. Academic Press. London.
Lalonde,M & DeVoe,I.W (1976) Origin of the Men::. Envelope Enclosing the Alnus crispa var Mollis Fern Root Endophyte as Revelaed by Freeze Etching Microscopy. Physiol. Plant Path. 8 123-129.
Lalonde,M & Quispel,A (1977) Ultrastructural and Immunological Demonstration of the Nodulation of the European Alnus giutinpsa ( L)  Gaertn Host Plant by the North American Alnus crispa var Mollis Fern Root Nodule Endophyte. Can. J. Microbiol. 23 1529-1547
Lalonde, M and Calvert, H.E ( 1979 ) Production of IrgOiSlâ Hyphae and Spores as an Effective Inoculant for Alnus Species. In Symbiotic Nitrogen Fixation in the Management of Temperate Forests.pp 95-110. Edited by J.C Gordon, C.T Wheeler & D.A Perry. Oregon State University. Corvallis.
Lalonde, M ( 1980 ). Techniques and Observations of the Nitrogen Fixing Alnus Root Nodule Symboisis. In Recent Advances in Biological Nitrogen Fixation pp 421-434. Edited by N.S Subba Rao. Wiley. London.
Lalonde, M, Calvert, H.E, Pine,S ( 1981 ). Isolation and Use of Frankia Strains in Actinorhizae Formation.
321
296-299.
Lambert, G.R, Hanus, F.J, Russel, S.A and Evans, H.J ( 1985 ). Determination of the Hydrogenase Status ofIndividual Legume Nodules by a Methylene Blue Reduction Assay. Appl. Environ. Microbiol. 50 537-539.
Lamont.H. Torrey,J.G & Young,P (1985) Asparagine and Glutamine as Nitrogen Sources Controlling Development and Nitrogenase Activity of Frankia sp Strain HFP Cpil. In: Nitrogen Fixation Research Progress.pp 365-366.Edited by H.J. Evans,P.J Bottomley & W.E Newton. Matin Nijhoff Junk. Netherlands.
Lapage,S.P & Redway,K.F (1974) Preservation of Bacteria with Notes on Other Microorganisms. HMSO 34.
Lechevalier, M.P and Lechevalier, H.A ( 1979 ). The Taxonomic Position of the Actinomycetic Endophytes. In: Symbiotic Nitrogen Fixation in the Management ofTemperate Forests.pp 23-35. Edited by J.C Gordon, C.T Wheeler & D.A Perry. Oregon State University. Corvallis.
Lechevalier,M.P ( 1982 ). The Biology of Frankj,a and Related Organisms. Dev. Ind. Microbiol. 23, 51-60.
Lechevalier, M.P ( 1983 ). Cataloguing FrankiaStrains. Can. J. Bot. 61(11), 2964-2967.
Lechevalier, M.P, Baker,D and Horriere, F ( 1983 ).Physiology, Chemistry, Serology and Infectivity of Two Frankia Isolates from Alnus Incana subsp rugosa. Can. J. Bot 61(11) 2826-2833.
Lassie,T.G & Phibbs,P.V (1984) Alternate Pathways of Carbohydrate Utilisation in Pseudomonas.Ann.Rev.Microbiol. 38 359-388.
Li,C.Y (1974) Phenolic Compounds in Understory Species of Alder-Conifer and Mixed Alder-Conifer Stands.Llyodia 37 603-609.
Lie, T.A, Akkermans, A.D.L and van Egeraat, A.W.S.M ( 1984 ). Natural Variation in Symbiotic NitrogenFixing Rhizobium and Frankia spp. Antonie vanLeeuwenhoek 50, 489-503.
Lopez, M.F, Whaling, C.S and Torrey, J.G ( 1983 ).The Polar Lipids and Free Sugars of Frankia in Culture.Can.J. Bot 61(11), 2834-2842
Lopez, M.F, Fontaine, M.S and Torrey, J.G ( 1984 ).
322
I
■ à-.
i'
a .
iï|
Levels of Trehalose and Glycogen in Frankia spp HFPArlS 
( Actinomycetales ). Can. J. Microbiol. 30(1) 746-752.
Lopez, M.F and Torrey, J.G ( 1985 ). Enzymes ofGlucose Metabolism in Frankia spp. J. Bacteriol.162(3), 110-116.
Lopez, M.F and Torrey, J.G ( 1985 ). Purification and Properties of Trehalose in Frankia ArI3. Arch.Microbiol. 143, 209-215.
Lopez, M.F, Young, P and Torrey, J.G ( 1986 ). AComparison of Carbon Source Utilisation for Growth and Nitrogenase Activity in Two Frankia Isolates. Can.J. Microbiol. 32, 353-358.
Mackintosh,A .H & Bond,G (1970) Diversity in the Nodular Endophytes of Ainus and Myriça, Phyton 27 79-90. 14Mazzuco, C.E and Benson, D.R ( 1984 ) [ C ]Méthylammonium Transport by Frankia sp strain Cpil. J. Bacteriol. 160(2), 636-641.
McCarty,P.L & McKinney,R.E (1961) Toxicity in Anaerobic Digesters.J.Water Pollution Control 38 223-230.
Volatile Acid
Meesters, T.M, van Genesen, S.S and .Akker• ans , A. D.L ( 1985 ). Growth, Acetylene Reduction A'-'Localisation of Nitrogenase in Relation .esiFormation in Franki.a Strains Ccl. 17 and 6,7.2. Arch. Microbiol. 1.43, 137-142.
Meesters, T.M ( 1987 ). Localisation of Nitrogenase in Vesicles of Frankia sp Ccl.17 by Immunogold Labelling on Ultrathin Cryosections. Arch. Microbiol 146. 327-331.
Mendez,J. Gesto,A. Vaquez,E. Veitetz,E & Seone,E (1968). Growth Substances Isolated from Woody Cuttings of Alnus glutinosa and Fraxinus excelsior. Phytochemistry 7 575-579.
Mian,M.G; Bond,G & Rodriguez-Barrueco (1976) Effective and Ineffective Root Nodules in Myriça faya. Proc. Royal Soc. Lond. (B) 194 285-293.
Mian,S & Bond,G (1978) The Onset of Nitrogen Fixation in the Young Alder and is Relation to Differentiation in the Nodular Endophyte. New Phytol. 80 187-192.
Miche,H (1918) Anotomische Untersuchugen der Pilzsymbiose bei Casuarina eguisetifpHa Nebst Einigen Bemerkangen uber das Mykorrhizen Problem. Flora 11
323
6:. 6
431-449. ( Cited by Mishustin & Shi 1'nikova,1971).
Mishustin, E.N and Shil’nikova ( 1971 ). Symbiotic Assimilation of Nitrogen by Non Leguminous Plants. In Biological Fixation of Atmospheric Nitrogen 3 ppl55- 183. Edited by
Mikami.Y, Miyashita, K, Aral, T ( 1986 ).Alkalophilic Actinomycetes. J. Bacteriol. 19131, 176-191.
Mitchell, T.G ( 1980 ). Actinomycetes, Chapter 36. pp 700-713. ISBN 0S3859977X.
Moiroud, A and Faure-Raynaud, M . ( 1983 ). Effects of Some Herbicides on the Growth and Infectivity of Frankia Strains. Plant and Soil 74, 133-136.
Moiroud, A and Gianinazzi-Pearson, V ( 1984 ).Symbiotic Realtionships in Actinorhizae. In: PlantGene Research.pp 124-178. Edited by D.P.S Verma & T.H Hohn Springer Verlag.Holland
Moore,A.W (1964) Note on Non-Leguminous Nitrogen Fixing Plants in Alberta. Can.J.Bot. 42 952-955.
Morrison,T.M (1961) Fixation of N-15 by Excir^^ Nodules of Dat^sca toumatau. Nature 1,82 1746-1748.
Morrison,I.M & Harris,G.P (1958) Root Nodule in Discaria tguraatou Raoul Choix. Nature 192 1746-1747.
Mort, A, Normand, P and Lalonde, M ( 1983 ). 2-0-Methyl-D-Mannose, a Key Sugar in the Taxonomy of Frankia. Can. J. Microbiol. 29, 993-1002.
Mull in, B.C, Joshi, P.A and An, S.C ( 1983 ). The Isolation and Purification of Endophyte DNA from Nodules of Alnus glutinosa. Can. J. Bot. 6i(ll), 2855-2858.
Murry, M.A, Fontaine, M.S and Torrey, J.G. ( 1984 ). Growth Kinetics and Nitrogenase Induction in Franki^a sp HFPArI3 Grown in Bastch Culture. Plant and Soil 78(1) 61-79.
Murry, M.A, Fontaine, M.S-and Tjepkeraa, J.D ( 1985 ). Oxygen Protection of Nitrogenase in Frankia sp HFPArI3. Arch. Microbiol. 139 , 162-166.
MyroldjD & Li,C,Y (1986) Assimilation andDissimilation of Nitrate by Frankia.
524
tv
In:Int. Meeting on Frankia and Actinorhizal Plants, 
University of Umea. pp 23-24. Edited by K.Huss-Danell & C.T Wheeler.
Newcomb,W. Callaham,D. Torrey,J.G & Petersen,R.L (1979) Morphogenesis and Fine Structure of Actinomycetous Endophytes of Nitrogen Fixing Root Nodules of Comptonia peregrina.Bot.Gaz. 140 522-534.
Noridge, N.A and Benson, D.R ( 1986 ). Isolation and Nitrogen Fixing Activity of Frankia sp Strain Cpil Vesicles. J. Bacteriol. 166(1), 301-305.
Normand, P. Simonet,P. Butour, J.L. Rosenberg,C.Moiroud, A and Lalonde, M. ( 1983 ). Plasmids inFrankia Sp. J. Bacteriol. 155 (1) , 32-35.
' Normand, P and Lalonde, M ( 1986 ). The Genetics ofActinorhizal Frankia: A Review. Plant and Soil 90,429-453.
Nydahl,F (1976) On the Optimum Conditions for theReduction of Nitrate to Nitrite by Cadmium.Talanta 23 349-357.
O'Hara, G.W and Daniel, R.M ( 1985 ). RhizobialDenitrification: A Review. Soil. Biol. Biochem.17(1), 1-9.
Onadipe,K (1986) Cluster Analysis of Streptgmycescattleya.PhD Thesis, University of Surrey,U.K.
Ong,S.L (1983) Least Squares Method for Estimating If: Parameters from Batch Cultures,Biotechnol.Bioeng. 25 23-47.
Parson, W.L, Robertson, L.R and Carpenter, C.V ( 1985 ). Characterisation and Infectivity of a Spontaneous Variant Isolated from Frankj,a sp WEY 0131391. Plant and Soil 87, 31-42.
Pawloswky,V & Howell,J.A (1973).Biotechnol.Bioeng. 15 889-904. (cited in D'Adamo etal, 1984)
Payne,W.J (1981) Microbiology of Denitrification. In:Denitrification, pp 33-53. Edited by W.J Payne. John Wiley & Son. London.
Pearl,R & Reed,L.J (1920) On the rate of Growth of the Population of the United States since 1790 and its Mathematical Representation.
325
Proc.Natl.Acad.Sci. USA 20 234-239.
Peklo,J (1910) Die Plazlichen Aktinomykosen Centrabl Bakteriol Parasit 27 451-579. (cited in Baker &Torrey,1979).
Perinet, P. Brouilette, J.G, Fortin, J.A and Lalonde, M ( 1985 ). Large Scale Inoculation of ActinorhizalPlants with Frankj,a. Plant and Soil 87 175-183.
Perinet, P and Lalonde, M ( 1983 ). In vitroPropogation and Nodulation of the Actinorhizal HostPlant A^giutinosa(L). Gaertn. Plant. Sci. Lett. 29,
9-17 .
Perinet, P and Lalonde, M. ( 1983 ). AxenicNodulation of m  vitro Propogated Alnus glutinosa PI ant lets by Frank i.a Strains. Can. J. Bot 61.(11),2883-2888.
Perradin, Y. Mottet, M .J and Lalonde, M ( 1983 ).Influence of Phenolics on i.n vitro Growth of Franki.a Strains. Can. J. Bot 61. (Ill), 2807-2814.
Perrot-Rocheman,C . Vidal,J. Maudinas,B & Gadal,P (1981) Immunocytochemical Study of Phosphenolpyruvate Carboxylase in Nodulated Alnus glutinosa.Planta 153 14-17.
Pirt, S.J (1975) Principles of Microbe and Cell Cultivation. Blackwell. Oxford.
Pistole, S ( 1981 ). Interaction of Bacteria and Fungi with Lectins and Lectin-Like Substances. Ann. Rev. Microbiol. 35, 85-112.
Pommer,E,H (1956). Beitrage zur Anatomie und Biologie der Wurze 11 knolIchen von Alnus glutinosa Gaertn..Flora 143,603-634 (cited in Mishustin &Shil'nikova,1971)
Pommer,E.H (1959) Uber Dieisoleriung des aus WurzelknolIchen von Alnus glutinosa Erfolgreiche Re-Infektionversuche.Berichte der Deutschen Botanischen GesselIschaft 138-150 ( cited in Mishustin & Shi 1'nikova,1971).
Endophyten und Uber
72
Postgate, J.R ( 1981 ).Living Nitrogen FixingCyanobacteria. In : Current Fixation: Proceedings of theFixation ( 1980 )pp 217-228 J.E Newton. Elsevier.Holland
Microbiology of the Free- Bacteria, ExcludingPerspectives in Nitrogen 4th Int. Symp.on Nitrogen Edited by A.H Gibson &
Postgate, J.R (1987 ) Biological Nitrogen Fixation.
326
Studies in Biology 14. Merrow.London.
Puppo,A, Dimitrijevic, L, Diem, H.G and Dommergues, Y.R { 1985 ). Homogeneity of Superoxide Dismutase Patterns in Franki,a Strains from Casuarinaceae, FEMS. Microbiol. Lett. 30, 43-46.
Quispel,A (1955). Symbiotic Nitrogen Fixation in Non- Leguminous Plants III. Experiments on the Growth i.n Yitrg of the Endophyte of Alnus glutinosa. Acta Bot Neerl. 4 671-689.
Quispel,A (1960) Symbiotic Nitrogen Fixation in Non- Leguminous Plants V. The Growth Requirements of the Endophyte of M n u s  glutinosa. Acta, Bot. Neerl. 9 380- 396.
Quispel, A ( 1979 ). Growth and Infectivity of the Endophyte of Alnus glutlngsa. In:Symbiotic Nitrogen Fixation in the Management of Temperate Forests.pp 57- 68. Edited by J.C Gordon, C.T Wheeler & D.A Perry. Oregon State University. Corvallis.
Quispel, A and Burggraaf, A.J.P ( 1981 ). lügnkla, The Diazotrophic Endophyte from Actinorhizas.In : Current Perspectives in Nitrogen Fixation. pp 239-236. Edited by A.H Gibson & W.E Newton. Elsevier. North Holland.
Quispel, A, Burggraaf, A.J.P, Borsje,1983 ). The Role of Lipids in the Growth o_Isolates. Can. J . Bot 61(11) 2801-2806.
Quispel, A and Tak, T ( 1978 ). Studies on the Growth of the Endophyte of Alnus glutingsa(l) VILL, in Nutrient Solutions. New Phytol. 81, 587-600.
ft
Rainbird,R-M. Atkins,C.A & Pole,J.S (1981) Significance of Hydrogen Evolution in the Carbon Economy of Nodulated Cowpea. In: Current Perspectives in Nitrogen Fixation, pp 136-156. Edited by A.H Gibson & W.E. Newton. Elsevier. New York.
Reddel, P and Bowen, G.D ( 1985a). Do Single Nodules of Casuarinaceae Contain More than One Frankia Strain? Plant and Soil 92, 275-279.
Reddel, P and Bowen, G.D ( 1985b). Frankia Source Effects Growth, Nodulation and Nitrogen Fixation in Casuarlna Species. New. Phytol. 100, 115-122.
Reddel, P, Bowen, G.D and Robson, A.D ( 1985 ). The Effects of Soil Temperatures on .Plant Growth, Nodulation and Nitrogen Fixation in Çaguarina cunninghamiana. MIQ. New. Phtol. 101, 441-450.
327
Reddel, p and Bowen.G.D ( 1986 ). Host Irankj,aSpecificity within the Casuarinaceae. Plant and Soil 93, 293-298.
Rodriguez-Barrueco,C (1966) Fixation of Nitrogen in Root Nodules of Alnus igrrulensi.s. Phyton 23 103-110
Rodriguez-Barrueco,C and Miguel, C ( 1979 ). HostPlant Endophyte Specificity in Actinomycete Nodulated Plants. In: Symbiotic Nitrogen Fixation in theManagement of Temperate Forests.pp 143-159. Edited by J.C Gordon, C.T Wheeler & D.A Perry. Oregon State University. Corvallis.
Rodriguez-Barrueco, C. Miguel, C and Canizo, A. ( 1981 ). Host Plant Specificity in Actinorhizal Plants. In : Current Perspectives in Nitrogen Fixation. pp476-485. Edited by A.H Gibson & W.E Newton. Elsevier .North Holland.
Roels,J.A (1980) Simple Model for the Energetics of Growth on Substrates with Different Degrees of Reduction.Biotechnol.Bioeng 22,33-53.
Rossi,S (1964) Propogation dan le Sol de L'Organisme Causant Les Nodosités dan les D'une (Alnus glutinosa). Ann.Inst.Pasteur 106(3) 503-510.
Schaede,R (1933) Uber die Symbioten in den KnolIchen der Erie und des Sanndornes und die Cytologischen Verhaltnisse in Inhen.Planta 19 389-392. (cited in Becking,1975).
Schaede,R (1938) Die Aktinomyceten-Symbiose von Myrica gale. Planta 29 32-46. ( Cited in Akkermans, 1978).
Schubert,K.R & Evans,H.J (1976) Hydrogen Evolution: AMajor Factor iAffecting the Efficiency of Nitrogen Fixation in Nodulated Symbionts.Proc.Natl.Acad.Sci.USA 73 1207-2111.
Schubert,K.R & Coker,G.T (1981) Ammonia Assimilation in Alnus glutinosa and Glycine max- Plant Physiol. 67 662-665.
Schwintzer, C.R, Berry, A.M and Tjepkema, J.D ( 1981 ). Seasonal Changes in Myrrca gale Nodules and the Frankia sp Endophyte.In : Current Perspectives In NitrogenFixation.pp 487-490. Edited by A.H Gibson & W.E Newton. Elsevier. North Holland.
Schwintzer, C.R and Tjepkema, J.D ( 1983 ). Seasonal
328
Pattern of Energy Use, Respiration and Nitrogenase Activity in Root Nodules of Myrica gale. Can.J.Bot 
61(11), 2937-2936.
Schwintzer, C.R ( 1983 ). Primary Productivity and Nitrogen Carbon and Biomass Distribution in a Dense Myrica gale Stand. Can J. Bot 61(11), 2943-2948.
Searcy,R.L. Reardon,J.E & Foreman,J.A Determination of Ammonia in Urine.A m .J .Med -Tecnol. 33 15-30.
(1966) The
Sellstedt,A & Huss-Danell,K (1985) Biomass Production and Nitrogen Utilisation by Alnus incana When Grown on Nitrogen or Ammonium. In : Nitrogen Fixation ResearchProgress. pp369-370. Edited by H.J Evans,P.J Bottomley & W.E Newton. Martin Nijohff Junk. Netherlands.
Sharaya, L.S, Taptykova, S.D, Pariiskaya, A.N and KalaKutsii, L.V ( 1982 ). Aspects of the Life Cycle of an Actinomycete Isolated from Root Nodules of Alnus incana. Mikrobiologiya 51(4) 657-663.
Shibata,K & Tahara,M (1917) Studien, Uber die WurzelknolIchen. Bot. Mag. (Tokyo) 31 157-182. ( Citedin Akkermans,1978).
Shipton, W.A and Burggraaf, A.J.P (1982a ). Frankia Growth and Activity as Influenced by Water Potential. Plant And Soil 69, 293-297.
Shipton, W.A and Burggraaf,A.J.P ( 1982b ). AComparison of the Requirements for Various Carbon and Nitrogen Sources and Vitamins in Some Frankia Isolates. Plant and Soil 69 149-161.
Shipton, W.A and Burggraaf, A.J of the Cultural Behaviour of Ecological Implications. Can. 2792.
P ( 1983 ). Aspects Frankia and Possible J. Bot 61(11) 2783,
Silver,W.S (1964) Root Nodule Symbiosis I. Endophyte of Myrlça cerifera. J.Bacteriol. 87 416-421.
Silver, W.S ( 1971 ). Physiological Chemistry of Non Leguminous Symbiosis. In: The Chemistry andBiochemistry of Nitrogen Fixation.pp 246-274. Edited by J.R Postgate. Plenum.
Silvester, W.B ( 1977 ). Dinitrogen Fixation by Plant Associations Excluding Legumes. In, A Treatise on Dinitrogen Fixation IV, Agronomy.
Simonet, P, Capellano, A, Navarro,E, Bardin,R, Moiroud, A ( 1984 ). An Improved Method for the Lysis of
329
J :  .'.f i -
Frankia with Achromopeptidase Allows Detection of New Plasmids. Can. J. Microbiol. 30, 1292-1295.
Simonet, P , Normand, P, Moiroud, A and Lalonde, M (1985 ). Restriction Enzyme Digestion Patterns ofFrankia Plasmids. Plant and Soil 87 50-58.
Slater, J.H ( 1985 ). Microbial Growth Dynamics. In; Comprehensive Biotechnology,!, Chapter 12.Edited by A.T Bull & H. Dalton . Pergamon. Press. London.
Sloger,C & Silver,W.S (1965) Note on Nitrogen Fixation by Excised Root Nodules and Nodular Homogenates ofMyrica cerifera. In: Non-Heme Proteins: Role in Energy Conservation .pp 299-302. Edited by A.San Petro. Antioch Press. USA.
Sloger,C & Silver,W.S (1966) Nitrogen Fixation byExcised Root Nodules and Nodule Homogenates of Myrica cerifera. Abstract 9 Int.Congress. Microbiol. Moscow. 285-286.
Snyder,R.M (1925) Nitrogen Fixation by Non-Leguminous Plants. Michigan State Agric. Exptl.Stat. Quart. 8 34- 36.
Sokol,W and Howell, J.A ( 1981 ). Kinetics of Phenol Oxidation by Washed Cells. Biotechnol. Bioeng. 23, 2039-2049.
Solomons,S.C & Scammel,N (1971) Protection of Shear Damage to Bacterial Cells by Yeast Extract.US Patent 10987.
Spector, T ( 1978 ). Refinement of the Coomassie Blue Method of Protein Quantitation. Anal. Biochem. 86, 142-146.
Sprent, J (1976 ). The Biology of Nitrogen Fixing Organisms. Wiley. Oxford.
Steele, D.B and Stowers,M ( 1986 ). SuperoxideDismutase and Catalase in Frankia. Can. J. Microbiol. 32, 409-413.
Stouthamer, A.H. ( 1976 ) A Theoretical Study on the Amount of ATP Required for Synthesis of Microbial Cell Material. Antonie van Leeuwenhoek. 39, 545-565.
Stouthamer, A.H and van Verseveld, H.W ( 1985 ).Stiochiometry of Microbial Growth. In: Comprehensive Biotechnology, 1, Chapter 11. Edited by A.T Bull & H.
330
Dalton. Pergamon Press. London.
Stowers, M.D ( 1985 ). Carbon Metabolism in Rhizobium sp. Ann. Rev.Microbiol. 39, 89-108.
Stowers, M.D, Kulkarni,R.K and Steele, D.B ( 1986 ). Intermediary Carbon Metabolism in Frankj.a. Arch.Microbiol. 143, 319-324.
Streicher,S .L & Tyler,B (1981) The Ammoniun Assimilation System of Streptgmyces cattleya.Proc.Natl.Acad.Sci.USA 78 229-233.
Taubert,H (1956) Uber den Infektionsvorgang und die Entwicklung der KnolIchen bei Adnus glutinosa Gaertn. Arch. Microbiol. 30 44-63 ( cited in Quispel,1979 ).
Tempest, D.W and Neijssel, O.M ( 1984 ). The Status of YATP and Maintenance Energy as Biologically Interpretable Phenomena. Ann. Rev. Microbiol. 34 459-486.
Thornley,R & Lowe,D.J (1985) Kinetics and Mechanism of the Nitrogenase Enzyme System.Biochem.J 244 903-909.
Tiedje, J.M ( 1981 ). Use of Nitrogen-13 andNitrogen-15 in Studies on the Dissimilatory Fate of Nitrate. In: Genetic Engineering of SymbioticNitrogen Fixation and Conservation of Fixed Nitre?' Basic Life Sciences 17, pp 101-119. Edited by Lyons, R.C Valentine, D.A Phillips, D.W Raina & H.Huffaker. Plenum Press. Oxford.
Tisa,L Growth Eullc, 2774.
McBride,M and Ensign,J.C (1983) Studies on the and Morphology of Frankia Strains EANlpec, Cpil and ACNl a g . Can J Bot 61 (11), 2768-
Tisa,L.S and Ensign,J.C (1985) Chracterisation of Vesicles Isolated from Frankia EANlpec. In:Nitrogen Fixation Research Progress,pp440-441. Edited by H.J Evans,P.J Bottomley and W.E Newton. Martinus Nijhoff. Dordrecht.
Tjepkema, J (1979). Oxygen Relations in Leguminous and Actinorhizal Plants. In: Symbiotic Nitrogen Fixationin the Management of Temperate Forests.pp 175-186 Edited by J.C Gordon, C.T Wheeler & D.A Perry. Oregon State University. Corvallis.
Tjepkema, J.D, Ormerod,W and Torrey, J ( 1980 ).Vesicle Formation and Acetylene Reduction Activity in Frankia sp. Cpil Cultured in Defined Nutrient Media.
331
Nature, 287, 633-635,
Tjepkema, J.D ( 1983 ). Oxygen Concentration within the Nitrogen Fixing Root Nodules of Myrica gale. Am. J. Bot. 70(1), 59-63.
Tjepkema, J.D ( 1983 ). Haemoglobins in the Nitrogen Fixing Root Nodules of Actinorhizal Plants. Can. J. Bot. 61(11) 2924-2929.
Tjepkema, J.D, Schwintzer,C.R and Benson,D.R ( 1986 ). Physiology of Actinorhizal Nodules. Ann. Rev. Plant. Physiol. 37, 209-32.
Tomioka,H ( 1983 ). Purification and Characterisation of the Tween- Hydrolysing Esterase of Mycobacteriumsmegmatls. J. Bacteriol. 155(3) 1249-1259.
Torrey, J.G ( 1978 ). Nitrogen Fixation byActinomycete Nodulated Angiosperms. Bioscience. 28 
(9), 586-592.
Torrey, J.G and Baker, D ( 1979 ). The Isolation and Cultivation of Actinomycetous Root Nodule Endophytes. In: Symbiotic Nitrogen Fixation in the Management ofTemperate Forests.pp 23-35. Edited by J.C Gordon, C.T Wheeler & D.A Perry. Oregon State University. Corvallis.
Torrey, J.G, Baker,D, Callaham,D, Del Tredi"' Newcomb, W, Peterson, R.L and Tjepkema, ^. D ( ).On the Nature of the Endophyte Causing NOk. 7ation inComptonia. In: Symbiotic Associations andCyanobacteria: Nitrogen Fixation II. pp 217-227. Edited by W.E Newton & W.H Orme Johnson. Wiley. London.
Torrey, J.G ( 1981 ). Dinitrogen Fixation by Cultures of Frankia sp Cpil Demonstrated by 15 N Incorporation. Plant. Physiol. 68, 983-984.
Tremblay, F.M and Lalonde,M ( 1984 ). Requirements for In Yltrg Propogation of Seven Nitrogen Fixing Alnus Species. Plant Cell Tissue Organ Culture. 3 189-199.
Tresner,H.D, Davies,M.C and Porter,J.N (1960).A Simple Method for Preserving Actinpmycete Strains.Appl.Microbiol.8,339-441,
TrolIdeiner,G (1959) Polyploidie und KnolIchenbiIdung bei Leguminosen.Arch. Microbiol. 32 328-345. (cited in Mishustin &Shi 1'nikova,1971).
332
Tyson,J.H & Silver W.S (1976) Observations on the Relationship of Ultrastructure to Acetylene Reducing Activity in Root Nodules of Casuarma.Symposium on Symbiotic. Nitrogen Fixation in Actinomycete Nodulated Plants. Petersham. Mass.
Vandenbosch, K.A and Torrey, J.G ( 1983 ). Host-Endophyte Interactions in Effective and Ineffective Nodules Induced by the Endophyte of Myrica gale. Can.J. Bot 61(11), 2898-2909.
Vandenbosch, K.A and Torrey,J.G ( 1984 ) Consequences of Sporangial Development for Nodule Function in Root Nodules of Comptonia peregrins and Myrica gale. Plant Physiol. 76, 556-560.
Vandenbosch, K.A and Torrey, J.G ( 1985 ).Development of Endophytic Frankia in Field and Laboratory Grown Nodules of Comptonia peregrina and Myrica gaie Am. J. Bot. 72(1), 99-108.
Van den Heuvel,H (1985) The Acidogenic Dissimilation of Glucose.PhD Thesis. University of Amsterdam. Holland.
van Dijk,C & Merkus, E (1976). A Microscopical Study of the Development of a Spore Like Stage in the Life Cycle of the Root Nodule of Alnus glutinosa (L) Gaertn.New Phytol. 77 73-91.
Van Dijk, C ( 1978 ) . Spore Formation and Endoph>\.-. Diversity in Root Nodules of Ainus giutinpsa. New. Phytol. 81, 601-615.
Van Dijk, C ( 1979 ). Endophyte Distribution in the Soil. In Symbiotic Nitrogen Fixation in thr Management of Temperate Forests.pp 84-94. Edited by J.C Gordon, C.T Wheeler & D.A Perry. Oregon State University. Corval1 is.
Van Straten, J, Akkermans, A.D.L and Roelofsen ( 1977 ). Nitrogenase Activity of Endophyte Suspensions Derived from Root Nodules of Ainus^ Hipppphae^ Shepherdia and Myripa spp. Nature 266, 257-258.
Vergnaud,L, Chaboud,A, Prin,Y and Rougier, M ( 1985 ). Preinfection Events in the Establishment of Alnus- Frankia Symbioses: Development of the Spot InoculationTechnique. Plant and Soil. 87 67-78.
Vivian,A (1971) Genetic Control of Fertility in Streptpmyces cpeTipplpr a 3 : Plasmid Involvement in theInterconversion of UF and IF Strains.
333
8%
J.Gen Microbiol. 69 353-359.
Vlamis,J. Schultz,A.M & Biswell,H.M (1958) Nitrogen Fixation by Deerbrush. Calif. Agric. 11 230-233.
Waksman ( 1961 ). The ActinomycetesAcademic Press. London. Volume 1.
Wellington, E.M.H and Williams, S.T ( 1978 ).Preservation of Actinomycete Inoculum in Frozen Glycerol. Microbios. Lett. 6, 151-157.
Wheeler, C,T ( 1984 ) Frankia and its Symbiosis inNon Legume ( Actinorhizal Root Nodules. In: CurrentDevelopments in Nitrogen Fixation. pp 109-126. Edited by N.S. Subba Rao. Wiley. London
Wheeler, C.T, Crozier, A and Sandberg, G ( 1984 ).The Biosynthesis of Indole-3-Acetic Acid by Frankia. Plant and Soil 79(1), 99-104.
Williams,S.T (1985) Oligotrophy in Soil: Fact orFiction. In : Bacteria in Their Natural Environments.Society for General Microbiology 16. Edited by M. Fletcher and G.D Floodgate. Academic Press. London.
Wiliams,S.T and Cross,T (1982) Actinomycetes.
Williams, S.T, Lanning, S and Wellington, E.M.H ( 1984 ). Ecology of Actinomycetes. In The Biology of theActinomycetes, Chap, 11. Edited by M. Goodfe]! M.Mordarski & S.T Williams. Academic Press. London.
Winship, L.J and Tjepkema, J.D ( 1983 ). The Role of Diffusion in the Oxygen Protection of Nitrogenase in Nodules of Alnus rubra. Can. J. Bot. 61.(11), 2930-2936.
Woronin,M (1866) Uber die bei der Shwarzerle (Alnus glutinosa ) und dere Gewohnlichen Garten-Lupine ( bupinus mutabilis) Auftrenden Wurze1anschwe1engen.Med. Acad. Imp. Sci. St Petersberg 7(10) 1-13 ( Cited in Becking, 1975).
Yano,T & Koga,S (1973) Dynamic Behaviour of the Chemostat Subject to Product Inhibition.J.Gen.Microbiol. 19 97-105.
Yoo,J,Y. Galragga,M .M . Hong,J & Hatch,R.T (1985)Experimental Design for Parameter Estimation from Batch Culture.Biotechnol.Bioeng. 38 836-841.
Young,R.D & Humphrey,A.E (1975).Biotechnol.Bioeng. 17. 1211-1215. (cited in D'Adamo et
334
al, 1984)
Zablowitz,R.M. Eskew,D.LDenitrification in Rhizobium 
C a n . J . Microbiol. 24 757-760
& Focht,D .D (1978)
1984 ).Zhang,Z, Lopez, M.F and Torrey, J.G ( . .Comparison of Cultural Characteristics and Infectivity of Frankia Isolates from Root Nodules of Casuarina spp. 
Plant and Soil 79(1), 79-85.
Zhang,Z and Torrey, J.G ( 1985a). Studies on anEffective Strain of Frankia from AlIpcapuarina lehmanniana of the Casuarinaceae. Plant and Soil 87, 
1-16.
Zhang,Z and Torrey, J.G ( 1985b). Biological andCultural Characteristics of the Effective Frankia Strain HFPCcIS ( Actinomycetales) from Casuarlnacunninghamiana ( Casuarinaceae ). Ann. Bot. 56, 367-
378?
Zhang,Z, Murry,M.A and Torrey, J.G ( 1986 ). CultureConditions Influencing Growth and Nitrogen Fixation in Frankia sp. HFPCcI3 Isolated from Casuarlna. Plant and 
Soil. 91 3-15.
UNIVERSITY OF SURREY UBRARY
335
